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ABSTRACT 
In this thesis, a working novel silicon light emitting diode is demonstrated. Light 
emission in silicon has been intensively studied since the 1950s when crystalline silicon 
was recognized as the dominant material in microelectronics. Although room-
temperature emission in silicon has been achieved recently, integration for advanced 
ultralarge scale integration is problematic due to poor external quantum efficiency and 
manufacturing complexity. With the aim of improving the light emission in silicon, rare-
earth deposited silicon and impurity-implanted silicon were studied in this work. 
Rare-earth erbium has been deposited on crystalline silicon by the laser ablation 
technique. Sharp, intense room-temperature photoluminescence at 1.54 J.lm was 
observed for all annealed samples. The thermal quenching factor measured between 80 K 
to room temperature is less than 2 which is unseen in the past for crystalline based 
silicon. However, electro luminescence is only obtainable below 160 K for devices 
fabricated using the similar concepts. Results from photoluminescence excitation 
spectroscopy proved that excitation from the silicon band-edge recombination is 
responsible for the erbium emission. Photoluminescence frequency resolved spectroscopy 
showed that all the - samples exhibited a rather long, temperature independent, 
luminescence lifetime of 90 ± 10 !ls. 
Another approach is carried out to study the light emission in silicon by ion implantation. 
Samples were produced by low energy boron implantation with various doses up to 2 X 
lOIS cm-2 followed by rapid thermal annealing at around 950°C. Strong intrinsic silicon 
band-edge photoluminescence at -1.15 !lm was observed. Light-emitting diode was 
made using similar implant and· annealing conditions. At room temperature, sharp intense 
intrinsic silicon electro luminescence is observed with an efficiency of > 2 x 10-6, 
measured under a forward biased current of 30 rnA. This anomalous luminescence 
increases with temperature by a factor of -3 from 80 K to room temperature. TEM 
shows numerous dislocation loops of interstitial or vacancy type which are related to this 
silicon band-edge emission. The silicon band-edge emission is also achieved for arsenic-
implanted light-emitting diodes during this research period. 
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Chapter 1 - Introduction 
1 Introduction 
1.1 Silicon-based Optoelectronics 
Light emission from silicon (Si) is a rapidly expanding field in materials science 
attracting the interest of a large amount of researchers worldwide. This interest is 
motivated by the fact that Si is the dominating material in microelectronics, partly due to 
its unrivaled electronic properties, but also as a result of the enormous research and 
development invested in Si technology. 95% of all semiconductor devices fabricated are 
based on Si. Although Si is technologically superb for electronic applications in terms of 
integration, control and cost, it is nonexistent as a light source in the emerging 
optoelectronic market. This shortcoming is due to its indirect bandgap, which leads to a 
relatively long radiative lifetime, compared to direct band gap 111-V semiconductors. 
Recombination of carriers, therefore, occurs mainly non-radiatively that is, without light 
emission. The attempts to bypass these shortcomings are mainly driven by the vision of a 
low cost, highly integrated optoelectronic semiconductor material. Silicon is the material 
of choice because of its unmatched development infrastructure that has outpaced every 
potential competitor. Since waveguides, modulators and detectors have already been 
demonstrated in Si, one of the major limiting steps towards a Si-based optoelectronics is 
the achievement of efficient, stable, ULSI-compatible light sources. 
Light emitting silicon would be useful for high-speed communication. Long 
distance communication over optical fibers has been in use for years. At the other end of 
the length scale, there are advantages to optical communication on an electronic chip. 
Both systems would be enhanced if silicon could emit light, since then the optical and 
electronic parts could be integrated on a single silicon chip. 
, 
Researchers are still working on different approaches to obtain light from silicon, 
or from silicon compatible materials. They are using and comparing different 
technologies and different mechanisms for light emission. The prospective application 
areas, the materials preparation, materials properties and theory, as well as device 
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fabrication and performances have to be taken into consideration in their research. Fig. 
1.1 shows a recent technology in which a porous silicon light-emitting diode (LED) is 
integrated on a wafer chip. 
Fig 1.1 Optoelectronic circuit m 
which a silicon bipolar transistor 
drives a porous silicon light-emitting 
diode integrated on the same wafer. 
Each set of concentric metal rings is 
a separate LED/transistor circuit. 
The rings are contacts to the 
transistor, which is circular in design 
and located under the rings. The 
LED is at the center of the rings. The 
small O.3-mm-diameter disk of light 
at the convergence of the two contact 
wires is luminescence from the LED 
(from Reuben T. Collins et al. [1 D. 
To date encouraging results have been obtained from many different techniques 
comprising of the following: 
- Porous silicon 
- Nanoparticles, nanowires, quantum dots 
- Multilayers (e.g. Si/ Si02/ Si) 
- Amorphous Si 
- Rare earth doping of silicon 
- Isoelectronic impurities in silicon 
- Intrinsic and defect luminescence 
- Group IV heterostructures 
- Iron disilicide 
2 
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Several approaches were taken in the past to increase Si emission efficiency in 
order to reach output power levels that meet commercial applications. Among the fIrst 
attempts was the use of isoelectronic centers, a concept that led to the development of 
commercial green LEDs in GaP, also an indirect band gap material. Though initially 
successful at low temperatures with quantum efficiencies of up to 5% [2], an 
isoelectronic center in Si that emits light efficiently at room temperature has not been 
found. Another intriguing approach was the development of Si-Ge superlattices for 
making direct bandgap materials by band folding. The efficiency of these devices, 
however, is very small because of a limited carrier density at the bandedge. By 1995, 
some promising results on room-temperature photoluminescence (PL) and 
electro luminescence (EL) were reported by Engvall et al. [3,4]. 
The integration of silicon and 111-V semiconductors is a more practical approach 
where the strength of both materials contributes to the light-emitting device. But the 
lattice mismatch between these materials results in a large dislocation density that 
degrades device performance. It is now possible to grow SiGe buffer layers on Si with 
low threading dislocation densities of 106 cm-2• Depending on the SiGe composition, 
different 111-V materials can therefore be grown lattice matched on SiGe. Strong light 
emission in the visible has been demonstrated for devices grown on SiGe buffer layers. 
1.2 Rare-Earth Metal- Erbium 
I Besides band structure engineering, another approach that could overcome 
indirect bandgap limitations in light emission from Si is to introduce impurity centers into 
Si. It is relatively recently that rare-earth, Erbium (Er) doping in Si received a vast 
research interest when room-temperature PL and EL of Si:Er were reported by several 
research groups [5-12]. Er in Si has several advantages over other Si based light 
emitters. Er, like other rare-earth metals, emits light at the same wavelength 
independently of the host. This emission is due to the excited states of the 4f manifold of 
~. 
the trivalent Er. The transition from the lowest excited state yields light at 1.54 Ilm, 
compatible· with low loss optical fIbers. The emission energy is independent of the 
3 
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temperature and the linewidth is only about 100 A [13] at room temperature compared 
to several thousand Angstroms in 111-V materials. 
1.3 Defect Luminescence 
While tremendous research activities are based on the light emission in Si based 
nanostuctures like porous silicon, few researches were focused on the defect related 
luminescence from Si probably because dislocations are generally considered to be 
detrimental to device performance in crystalline Si. Recently, Kveder et al. [14] and E. 
O. Sveinbjornsson [15] have reported electro luminescence from highly deformed or 
dislocated Si at room temperature. In the latter case, thick layer of dislocation formed by 
high power laser melting, extends from surface to down to -10 Jlm depth. The external 
power efficiency of the D 1 electro luminescence at room temperature was estimated to be 
in the order of 10-6• Although Si band-to-band luminescence was also reported, the 
efficiency was not estimated and explanations were not provided. 
1.4 Thesis Outline 
This project aims to produce a practical silicon based light emitting diode. This is 
achieved by Er doping, in the fIrst part of this work, and introducing dislocations into Si 
in the second part. In chapter 2, different techniques used to study intrinsic Si and Si:Er 
material are reviewed. The experimental theory and the luminescence properties of Si:Er 
are presented in chapter 3 together with the theoretical aspects of defects formation 
introduced by ion implantation. Chapter 4 deals with the experimental techniques 
involved in formation and growth of Er doped Si layers. The experimental results of the 
prepared samples are presented and discussed in chapter 6. Similarly, the experimental 
details and results for dislocation-rich silicon samples are presented in chapter 5 and 7 
respectively. Finally, the summary of the thesis including the prospects of silicon based 
light emitting material and some suggestions are outlined in chapter 8. 
4 
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2 Literature Review 
2.1 Introduction 
Silicon, the leading semiconductor in microelectronic applications, is still a 
popular research subject due to its superb material properties and maturity of the existing 
processing technology. Unfortunately, silicon performs poorly in the optical arena owing 
to its indirect bandgap structure. The poor light emission in silicon has hindered optical 
integration into ultra-large scale integration (ULSI) technology. Consequently, there is a 
large and growing research effort towards this goal. 
Recently, many solutions to overcome this limitation have been reported by 
various groups. From isoelectronic impurity doping, band structure modification, and 
alloying to the notable nanostructures. Among these methods, erbium impurity doping 
has been reviewed to be one of the most promising routes to a light source in Si. 
In this chapter, the light emission from erbium-doped silicon is reviewed. A few 
surveys on defect-related intrinsic luminescence in silicon are also presented. 
2.2 Intrinsic Luminescence in Silicon 
The energy band diagrams of semiconductors are rather complex. The detailed 
energy band diagrams of germanium (Ge), silicon (Si) and gallium arsenide (GaAs) [1] 
are shown in Fig. 2.1. The energy is plotted as a function of the wavevector, k, along the 
main crystallographic directions in the crystal, since the band diagram based on 
inte~,atomic distances and the internal potential energy distribution depends on the 
direction in the crystal. However, the basic effect is still energy formation. GaAs IS a 
direct band gap semiconductor, with the minimum directly above valence band 
maximum. Si and Ge, however have indirect gap, with its lowest minimum in the 
7 
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conduction band displaced from the point of minimum momentum r at wavevector 
k=O. 
3 
EQ 
-t 
-2 
-3 
(111] r X L [Ill) r (tOO) x L (111) r (100] )C 
Wavevector 
Fig. 2.1 Energy band diagram of (a) Ge, (b) Si and (c) GaAs. (After J. R. Chelikowsky and M. 
L. Cohen [1]) 
In an indirect gap semiconductor, an electron moving from the valence to 
conduction band must undergo a change in wavevector. These band properties 
profoundly affect the optical behavior of a semiconductor. The electron-hole radiative 
recombination process can only occur in Si if momentum is conserved, that is, the 
excited electron wavevector must be reduced to zero via transfer of momentum to 
phonon. This process is inefficient in pure Si compared with GaAs, which makes Si a 
poor light emitter. 
The luminescence properties of bulk crystalline silicon (c-Si) have been studied 
since the 1950's [2,3]. The band edge luminescence of c-Si at low temperature is less 
8 
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than 0.0001 % in efficiency. In addition, the PL and EL was quenched by an electric field 
ofE;::: 104 V/cm, room-temperature luminescence was not observed. In 1995, Kveder et 
al. [4] reported the weak room-temperature PL and EL from boron doped plastically 
deformed floating zone (FZ) Si. The dislocation-related photoluminescence (DRL) in Si 
consists of four lines at 0.81 eV (Dl), 0.87 eV (D2), 0.95 eV (D3) and 1.0 eV (D4). 
Although the Dl was the dominant emission, the origin was unclear. Impurity atoms in 
the strain field around dislocations, dislocation jogs, special dislocation types and 
stacking faults between dislocations are a few suggested explanations found in the 
literature. 
Band to band Si emission was not reported in their investigation until a year later 
when E. Sveinbjornsson et al. [5] attempted to investigate the dislocation-related 
luminescence via an alternative method. A high power laser was used to melt the float-
zone grown boron-doped silicon surface to produce thick layer (-10 Jlm) of dislocations. 
Room-temperature PL and EL was detected for both the Dl line and Si band-to-band 
transition. The external power efficiency was estimated to be of the order of 10-6 for D 1 
emission. In his investigation, the estimation of efficiency of the silicon bandedge 
emission and more importantly the origin of this luminescence were unclear. 
In 1996, L. Tsybeskov et al. [6,7] achieved intrinsic Si bandgap EL at room 
temperature with a power efficiency of _10-6• This emission was believed to originate 
from large silicon clusters within a nonstoichiometric silicon-rich silicon oxide matrix. 
The EL is only weakly dependent on temperature and measurable with a current density 
of < 10 mA/cm2• The light emitting diode was prepared by electrochemical etching of 
boronsilicate glass layer diffused into n-type c-Si wafer. It was etched to an estimated 
porosity of -25%-30% followed by boron implant with a dose of _1015 cm-2 (energy -50 
ke V') and thermal annealing at 950°C for 30 min. Large spherical, densely packed Si 
grains of -100 nm diameter was observed by atomic force microscopy. The carrier 
transport mechanism was believed to be field-assisted tunneling type [8]. 
9 
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2.3 Light Emission in Silicon-based Material 
The intrinsic and defect luminescence in silicon was reviewed in the last section. 
In this section, a few other commonly found methods of obtaining light in Si are 
discussed, whilst the fuller details of rare-earth doping is given in the section 2.4. 
2.3.1 SiGe Alloys and Superlattices 
Alloying with different composition and strain of Ge or C with Si can modify the 
electronic band structure [9]. As shown in Fig. 2.2, for strained Sh-xGex on Si, the 
tunability range, although in the range suitable for use in fiber optic technology, the layer 
thickness has to be kept below critical thickness due to heterostructure stability 
limitations. Therefore the absorbing and emitting regions are small in the lower energy 
band gap which is still indirect. 
Strong PL and EL (at 0.89 eV) has been demonstrated with -0.5% internal 
quantum efficiency at very low temperature (-4.2 K) [10-12]. Room-temperature EL has 
-
now been reported at wavelengths around 1.3 urn [13,14]. 
By virtue of Brillouin zone folding [15] for short-period (SimGen)p superlattice, 
(where m and n are the number of monolayers of Si and Ge in each period and p is the 
number of periods), the overlapping of the center of conduction band increases the 
probability of direct transitions. By growing many periods (> 100) of high quality thin 
superlattice Sh-xGex layers on Si, PL and EL may be obtainable. As demonstrated by 
Engvall et al. [16], EL at room temperature at -1.38 Ilm was observed from a strained 
S~Ge4 superlattice. 
" 
However, the poor efficiency at room temperature is still the major problem for 
any practical uses at present. 
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Fig. 2.2 The band gap at room temperature of strained Si1_xGex on Si [9]. 
2.3.2 Isoelectronic Impurities 
Isovalent elements such as C, Ge, Sn, and multiple-atom complexed without 
dangling bonds are electrically neutral. When doped in Si, isoelectronic impurities bind 
free excitons in Si, hence increasing the chances of electron-hole recombination due to 
, 
spatial confmement of the particles. In 1979, Mitchard et al. [17] reported the fIrst 
observation of isoelectronic ~ound exciton emission from crystalline silicon_ Since then, 
emission from isoelectronic impurity centers has been studied for other isovalent 
elements including S, Be, Se and In [18,19]. In 1986, T. G. Brown et al. [20] reported 
the S complex emission at 1.32 ~m in Si with an external quantum efficiency of 5 % and 
a lifetime greater than 1 rns at low temperature_ However, the PL intensity and lifetime 
drops rapidly with increasing temperature, possibly due to exciton dissociation and 
competing nonnldiative recombination processes [19]. 
11 
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To date, room-temperature emission from isoelectronic impurity-related centers 
has not been observed. Research interest has therefore been diverted to other means of 
obtaining efficient light emission in silicon such as rare-earth ion doping and 
nanostructures. 
2.3.3 Iron Disilicide 
The recent observation of light emission at 1.54 ~m from ~-iron disilicide (~­
FeSh) has attracted much interest and motivated numerous attempts and theoretical 
activities in this field [21-27]. In spite of this effort, some issues are still unclear. Iron, 
when implanted into Si by ion beam synthesis [28-30] followed by thermal annealing, can 
produce extended defects in the Si matrix. The ~-FeSh emission coincides with the 
spectral range of extended defects luminescence, particularly the dislocation D 1 emission 
at -1.6 ~m [31]. In 1995, by studying the nature of absorption edge in this material, Z. 
Yang et al. [24] proved that the ion beam synthesized ~-FeSh has a minimum band gap 
direct in nature. 
Based on this material, a light emitting diode has been recently fabricated by D. 
Leong et al. [26]. However, the PL and EL is strongly temperature dependent. It 
quenched by a factor of -100 from 80 K to room temperature. The estimated quantum 
efficiency (EQE) reported was -0.1 % at 80 K. Nevertheless, with proper design and 
optimization, ~-FeSh may be a potential candidate for a Si-based optoelectronic 
technology. 
2.3.4 Porous Silicon 
Bulle crystalline silicon is extremely inefficient at emitting light under either 
optical or electrical excitation due to its indirect band gap. The band structure of silicon 
can be modified however when it is in the form of low-dimensional structures «10 nm) -
a well-known quantum confmement model [32]. 
12 
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Fig. 2.3 Typical cross-sectional TEM image of porous silicon. Inset shows that the pore sizes are 
on the order of 50 nm, with the interconnecting silicon network made of columns with diameters < 
10 nm. (Image courtesy of A. G. Cullis of the UK's Defense Research Agency.) 
Porous silicon (PS) was fIrst observed in the early 1956 when attempts were 
made to electrochemically PS wafers [33]. It was not until 1984 that a report on low 
temperature luminescence from PS was made [34]. The continually growing interest in 
this material sterns from its efficient room temperature photoluminescence (PL) in the 
red region (1.4 - 2.2 e V) of the visible spectrum that was fIrst reported in 1990 by L. T. 
Canham [35]. Since then, most of the research on PS has been devoted to understanding 
the luminescence mechanism. The great interest in the luminescence mechanism of PS is 
based on the desire to develop silicon-integrated optoelectronics. 
13 
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A PS layers can be fabricated by electrochemical dissolution of single crystalline 
Si in hydrofluoric acid (HF) containing solutions. The resulting Si microstructure is 
characterized by a network consisting of nanometer-sized Si crystallites [36] or 
undulating columns [35,37] separated by pores (see Fig 2.3). Depending upon substrate 
resistivity, anodizing current density, and the detailed mixture of the etching solution, 
numerous material properties can be varied in a wide range, including the porosity (10-
85%), the mean pore size (ca. 1-50 nm), the internal structure, and the surface 
morphology. A detailed description of the mechanisms for PS formation has been 
reported recently [38]. 
Other than the quantum confmement model proposed by L. T. Canham, some 
pointed out that oxidized Si, defect states of Si02, Si-H alloy effect, interfacial 
interactions and surface states might result in visible light emission [39-42]. 
In recent years, although the PL external quantum efficiency is - 10% and the EL 
efficiency has improved to 0.1 % [43], it still suffers from poor diode I-V characteristics 
with ideality factors of > 10 and strong degradation in emission within hours of 
operation. Other issues that need to be addressed are its long optical lifetime that can 
limit device speeds and that the emission spectrum is too wide to be useful in fibreoptic 
applications. 
2.4 Erbium Impurity Doping 
2.4.1 Introduction 
Erbium (Er), one of the so-called rare-earth elements on the lanthanide series, is 
" found in the minerals mentioned under dysprosium. In 1842 Mosander separated "yttria" 
found in the mineral gadolinite, into three fractions which he called yttria, erbia, and 
terbia. The name for erbia and terbia became confused in this early period. After 1860, 
Mosander' s' terbia, was known as erbia, and after 1877, the earlier known erbia became 
terbia. The erbia of this period was later shown to consist of five oxides, now known as 
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erbia, scandia, holmia, thulia and ytterbia. By 1905 Urbain and James independently 
succeeded in isolating fairly pure Er203. Klemm and Bommer fIrst produced reasonably 
pure erbium metal in 1934 by reducing the anhydrous chloride with potassium vapor. 
The pure metal is soft and malleable and has a bright, silvery, metallic luster. As with 
other rare-earth metals, its properties depend to a certain extent on the impurities 
present. The metal is fairly stable in air and does not oxidize as rapidly as some of the 
other rare-earth metals. Naturally occurring erbium is a mixture of six isotopes, all of 
which are stable. Nine radioactive isotopes of erbium are also recognized. Recent 
production techniques, using ion-exchanged reactions, have resulted in much lower 
prices of the rare-earth metals and their compounds in recent years. The cost of Er 
(99+% purity) metal is about $650/kg. Erbium is fInding nuclear and metallurgical uses. 
Added to vanadium, for example, erbium lowers the hardness and improves workability. 
Most of the rare-earth oxides have sharp absorption bands in the visible, ultraviolet, and 
near infrared. This property, associated with the electronic structure, gives beautiful 
pastel colors to many of the rare-earth salts. Erbium oxide gives a pink color and has 
been used as colorant in glasses and porcelain enamel glazes [44]. 
Various atomic properties of Er were investigated and discussed as early as the 
1930's [45]. Although most isolated transition metals in the covalent Si lattice act as 
effIcient non-radiative centers, the optical activity of rare-earth ions in various ionic 
solids is well known [46]. In this research work, the optical properties of rare-earth 
erbium in silicon were studied. 
Several methods have been used to incorporate Er into Si including ion 
implantation [47,48-51], SPE' [52-54], MBE [55-57], CVD [58-60], diffusion [61], 
pulsed laser ablation [62,63], laser irradiation [64] and sputtering [65]. Most of the 
rese~ch done in the past used ion implantation to dope Si with Er. 
Annealing is always done after implantation or deposition to improve the 
crystalline quality, and activate Er. Studies have shown that luminescence is affected by 
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the temperature and environment during annealing through changes in the defect 
concentration [66,67]. 
It is now known that the optically active trivalent ion much prefers an ionic 
environment to the covalent Si lattice, and the efficiency can be raised by engineering 
interactions with other impurities, oxygen in particular [49,68]. 
2.4.2 Optical Studies on Si:Er Material 
The growing interest in the optical activity of Er in Si started only in 1983-1985 
when Ennen et al. [47,69] demonstrated the frrst observation of Er related PL and EL in 
Si in the near infrared region. The sharp and dominant 1.54 /lm luminescence line arises 
from an internal transition between the 4f states of Er3+. It is ideally matched to the low-
loss region of silica-based optical fibers and is relatively insensitive to the host matrix. 
Many studies that followed reveal that the photoluminescence (PL) intensity 
decreased significantly with temperature (known as the temperature quenching effect). 
An estimated external quantum efficiency (EQE) for EL of 0.05 % at 77 K was reported 
from Er-doped epitaxial structures in the early pioneering work. The low efficiency was 
impractical for general device application. At room temperature, both PL and EL was 
undetectable. The PL lifetime for 4/1312 ~ 4/1512 transition was found to be as long as z 1 
ms for Er implanted in Si and other semiconductor hosts [70,71]. 
In 1989, Y. S. Tang et al. [72] reported the characteristic properties of Er 
implanted in silicon. Photoluminescence (PL) and Rutherford backscattering (RBS) were 
employed to study these properties. They found that the main emission due to the 
" 
transition 4/ 1312 ~ 4/ 15/2 of Er3+ (4/ 1) is located at 1.5375 /lm. Most of the Er3+ ions are 
on interstitial lattices sites in Si. Increased annealing temperature or time for the samples 
caused most of the interstitials having non-cubic symmetry to be unstable and move to 
the surface or to the more thermally stable interstitial sites of tetrahedral symmetry. 
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In 1991, 1. L. Benton et al. [73] studied the electrical and defect properties of the 
erbium-implanted silicon. They performed room temperature Hall effect, spreading 
resistance, and capacitance-voltage (C-V) measurements. Deep level transient 
spectroscopy (DLTS) was also performed in the capacitance and current modes with 
temperature scans from 40 K to room temperature. Some Er-related defect levels found 
by DLTS measurements were identified as E(0.09), E(0.06), E(0.14), E(0.18), E(0.27), 
E(0.31), E(0.32), and E(0.48) in eV. The photoluminescence studies ofEr in Czochralski 
grown silicon and float zone silicon showed that oxygen and lattice defects could 
enhance the luminescence at 1.54 Jlm from erbium. 
1. Michel et al. [67] made an investigation on the effect of impurity coimplantion 
with erbium on silicon. C, N, and F codopants were found to enhance the Er 
luminescence at 80 K by a factor of about four compared to the normal Er implanted 
CZ-Si sample. They also reported that the crystal splitting of 4/ 1 states is influenced by 
the codopant. The optimum annealing temperature was found to be 900°C for CZ 
material which produced luminescence 100 times more than that from FZ material. With 
oxygen coimplanted, the luminescence was also improved. With further investigation, 
they found that further annealing at 450°C, which was believed to be optimal for the 
formation of oxygen, did not show significant increase in the PL intensity of the erbium 
line. Hence they believed that after the 900°C anneal, the Er-O interactions are 
completed and additional heat treatment at 450°C does not affect the charge state of 
Er2+ or Er3+. No improvement was found for 450°C pre-annealing as well. They also 
demonstrated the first observation of a room-temperature photoluminescence of erbium 
in crystalline silicon in these works. 
In 1993, F. Y. G. Ren et al. [48] reported the first observation of room 
temperature EL from Si:Er LEDs (Fig. 2.4). However, the luminescence intensity 
quenched by a factor of 50 from 77 K to room temperature. Hence it was not feasible to 
operate the LED device at room temperature. Fig. 2.5 shows the 300 K light intensity as 
a function of forward bias injection current for a typical diode. The output saturates 
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because of the long excited state lifetime (- 1 ms) of the Er center. Table 2.1 shows the 
results obtained for GaAs and Er:Si LED at 77 K. 
GaAs Si:Er 
Wavelength (J.lm) 0.88 1.54 
Absorption Coefficient (em-I) 104 2 
Internal Quantum Efficiency 0.5 0.5 
External Quantum Efficiency 1.0 % 1.4 % 
Linewidth (it.) 1000 100 
Table 2.1 LED Performance comparison between GaAs and Si:Er at 77 K [48]. 
p 
Fig 2.4 Schematic cross section of the Si:Er LED [48]. 
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Fig 2.5 Si:Er LED intensity as a function of drive current. The inset shows the EL spectra at 100 
K and 300 K [48], 
A year later, H. Przybylinska et al. [74] investigated the local structure of 
optically active erbium centers in CZ- and FZ-Si. Three types of erbium centers were 
identified: (i) isolated, interstitial sites, dominant in FZ material; (ii) oxygen-erbium 
complexes with close to axial symmetry (in CZ-Si only); and (iii) Er complexes with 
implantation induced defects, visible both in CZ- and FZ-Si. They also found that 
actually coimplantation with light elements does not lead to the formation of new Er-
codopant complexes, but rather to a redistribution of the relative concentrations of the 
three classes of optically active Er centers identified above. 
In 1995, Fereydoon Namavar et al. [75] showed a strong room-temperature 
photoluminescence (PL) emission from Er-implanted porous Si (Er:PSi). The thermal 
quenching factor recorded was 2 between 9 and 300 K. The PL was compared with Er in 
" 
bulk Si and quartz. The room temperature PL from Er:PSi was 26 times larger than 
those found in Er:quartz. 
lung H. Shin et al. [76] also worked on the photoluminescence of Er-implanted 
porous Si, however, they reported that the Er luminescence in porous Si was due to Er3+ 
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ions incorporated into the amorphous matrix region in the material and it was not related 
to the presence of crystal nanograins. They believed that changes in the oxygen and 
hydrogen content of the material will influence the photoluminescence of Er much more 
strongly than changes in porosity or crystal nanograin size, which on their own have no 
effect on the Er luminescence. 
In 1995, S. Lombardo et al. [77] produced an oxygen-doped silicon diode (in Fig 
2.6) doped with erbium that gave room temperature electro luminescence at 1.54 f.lm. 30 
nm thick Si:O ftlms (amorphous) were deposited on silicon substrates by chemical-vapor 
deposition of SiH4 and N20. Erbium was ion-implanted and annealed in a rapid thermal 
annealing furnace. The most intense electro luminescence was obtained in a sample 
annealed at 400 DC in reverse bias under breakdown conditions. From their results, they 
confirmed that population inversion, a requirement for laser fabrication, could be 
obtained by electrical excitation in an Er-doped silicon-based semiconductor. 
metal 
SIPOS: Er 
p-type (B) 
silicon 
metal metal 
Fig. 2.6 Cross-sectional schematic diagram of the metal-SIPOS-p+ silicon diode structure used 
for the electroluminescence measurement [77]. 
N. A. Sobolev et al. [78] who studied the optical and electrical properties of Er-
implanted Si found that intrinsic point defects generated during annealing process 
participated in the formation of optically and electrically active centers. 
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Fig. 2.7 Photoluminescence spectrum of SiO:Er. Annealed at 600°C in argon for 30 minutes 
[79]. 
S. W. Roberts ~nd G. J. Parker [79] evaporated silicon monoxide onto a silicon 
substrate and then co-evaporated metallic erbium to make a SiO:Er sample for 
photoluminescence testing. The composite fIlm deposited was 200 nm thick and the 
erbium concentration obtained was 2.7 x 1020 cm-3, Strong room temperature 
photoluminescence (see Fig 2.7) was observed for a sample annealed at 600°C (for 
optimum emission; see Fig 2.8) for 30 min in argon. Four different argon ion laser line 
pumping efficiencies were found to be very similar indicating that the energy transfer to 
the erbium were dominated by a electron-hole pair mechanism in the SiO. 
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Fig. 2.8 Dependence of photoluminescence intensity on annealing temperature [79]. 
A new doping technique, magnetron-assisted silane deposition (MASD) was 
employed by M. S. Bresler et al. [80] to make a-Si:H(Er) sample with erbium 
concentration reaching 1.1 x 1020 cm'3. They observed a strong room-temperature 
photoluminescence for this erbium-doped hydrogenated amorphous silicon sample, The 
emission intensity was found to depend only slightly on temperature which is quite 
different from c-Si:Er sample which has strong temperature quenching behavior. Later in 
1997 [81], they made a device of Al/a-Si:H(Er)/n-c-SilAl structure using the same 
technique (shown in Fig. 2.9). Strong room- temperature electroluminescence induced by 
erbium was observed at 1.54 !lm. The mechanism for electronic excitation of the erbium 
ions in)the amorphous matrix proposed by them was based on defect-related Auger 
excitation. 
Another research group [82] also produced erbium-doped hydrogenated 
amorphous silicon a-Si:H(Er) by plasma enhanced chemical vapor deposition (PECVD) 
method for a-Si:H fIlm (-250 nm thick) and erbium was implanted at 125 keY to a dose 
of 4 x 1014 Er/cm2• Some samples were implanted with additional oxygen. From the PL 
results, they found that optimum Er3+ luminescence was obtained for samples annealed at 
300 - 400°C. The luminescence quenching factor was reduced from 15 to 7 (between 10 
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K to room temperature) when oxygen (1 at. %) was co-doped into the sample. The 
quenching was well correlated with a decrease in luminescence lifetime, indicating that 
nonradiative decay of excited Er3+ was the dominant quenching mechanism as the 
temperature was increased. 
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n-Si 
SO H A = 1.54IJm 
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-40 -30 -20 -10 
U/V 
o 10 Fig. 2.9 I-V characteristics of the 
AVa-Si:H(Er)/n-c-SilAI structure [81]. 
Another new and useful deposition technique was employed by Shuji Komuro 
[63] in 1996. Thin ftlm (- 100 nm thick) erbium-doped silicon was prepared using KrF 
excimer laser ablation. Room-temperature photoluminescence was observed (shown in 
Fig 2.10). The characteristics of PL thermal quenching and time decay of the samples 
made using this method are very similar to those of Er-doped porous Si and Er-doped 
amorphous Si. 
" In 1997, P. G. Kik et al. [83] studied the excitation and deexcitation of Er3+ in 
crystalline silicon codoped with N. By analysing the photoluminescence results, the 
quenching processes were able to be described by using an Auger energy transfer model. 
They concluded that the energy level causing erbium excitation is different from the level 
causing erbium deexcitation. Evidence was also found for a nonradiative Er3+ 
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deexcitation processes that resulted ill the generation of free earners. The model 
proposed was shown in Fig 2.11. 
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Fig. 2.10 Typical PL spectra of the Si:Er film annealed at 850 DC for 30 min in an N2 atmosphere 
observed over the temperature range of 18 K to room temperature. The inset shows the 
temperature dependence of PL peak intensity at 1.54 !lm [63]. 
Giorgia Franzo et al. [84] studied the mechanism and performance of forward 
and reverse bias electrolumines~ence at 1.54 /lm from Si:Er diodes and found that, for 
the same current density passing through these diodes, the room temperature 
electroluminescence signal is 2 - 10 times higher under reverse bias at the diode 
breakdown than under forward bias. An internal quantum efficiency> 10-4 was measured 
at room temperature. The major limitations for a higher efficiency are the thin excitable 
region of the device and the limited fraction of hot carriers having enough energy to 
impact excite the Er ions. 
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Fig. 2.11 Model of excitation and deexcitation of Er3+ in Si, including bound exciton formation 
(F) and dissociation (D), Er3+ excitation (E), and energy backtransfer (B) [83]. 
In 1997, Morito Matsuoka et al. [85] successfully fabricated LEDs (Fig. 2.12) 
with erbium-oxygen codoped silicon fIlms as grown by ion beam epitaxy (!BE) with 
electric-mirror sputtering type metal ion sources in an ultrahigh vacuum. They observed 
sharp and well-split luminescence from these devices when put under both forward and 
reverse biases. The luminescence was quenched as temperature increased under a 
forward bias. However, the intensity was not quenched even at room temperature under 
a reverse bias. They concluded that electron-hole pair recombination was the major 
luminescence process under forward bias and electron impact ionization was the major 
luminescence process under reverse bias. 
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Fig. 2.12 Schematic illustration of light-emitting diode (LED) fabricated with erbium-oxygen 
codoped silicon layer grown by ion beam epitaxy and 1-V characteristics of the LED [85]. 
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Fig 2.13 I-V characteristics of a pair of Schottky diodes at room temperature. The inset is a 
schematic cross section of Schottky diode [86]. 
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In the same year, Chun-Xia Du et al. [86] fabricated a Schottky-type light 
emitting devices by incorporating Er and 0 into Si by molecular beam epitaxy (MBE) 
(see Fig. 2.13). In reverse bias, Er ions within the depletion layer can be electrically 
excited via a hot electron impact process. Room-temperature luminescence was observed 
at 1.54 !lm. The activation energy - 160 me V was believed to be responsible for 
luminescence thermal quenching in this device. 
N. A. Sobolev et a!. [87] reported the room-temperature luminescence from Si 
LEDs fabricated by erbium and oxygen co-implantation and subsequent annealing. The 
device was tested in the avalanche breakdown regime in the 80 - 300 K temperature 
ranges. The results indicated that impact ionization occurring due to p-n junction 
avalanche breakdown could be used to excite Er3+-related luminescence. The 
temperature quenching factor was 2 over this temperature range. The room-temperature 
intensity under the reverse bias was over one order of magnitude higher than under the 
forward bias. 
In 1998, Jung H. Shin et a!. [88] reported a new technique, electron cyclotron 
resonance plasma enhanced chemical vapor deposition (ECR-PECVD) for Si:Er:O thin 
fIlm deposition. They investigated the dependence on the different Si:O composition of 
the room temperature Er3+ luminescence. It was found that a Si:O ratio of 1: 1.2 gave the 
most intense luminescence after a 900°C anneal. They believed that the key factors that 
produced intense Er3+ luminescence were (i) the high active erbium fraction, (ii) efficient 
excitati~n via carriers and (iii) the high quality of Si02 matrix. 
2.4.3 Luminescence Enhancement 
To obtain efficient luminescence from Si:Er system, four factors need to be 
considered [72]: (1) High concentrations of Er must be incorporated in the crystal; (2) 
the Er must be incorporated in an optically active (luminescent at 1.54 !lm) 
configuration; (3) the luminescence efficiency must be high; and (4) the Er must be 
efficiently excited. 
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Fig. 2.14 Schematic picture of the first coordination shell of Er species in FZ Si (left) and CZ Si 
(right) [68]. 
Favennec et al. [49] found that the luminescence intensity was significantly 
enhanced by the presenee of oxygen in the Si:Er sample. Using different materials such 
as CZ, FZ and CVD, the residual oxygen concentrations obtained were 1018, 1015 - 1017 
and < 1015 cm-3 respectively. PL results from these samples showed that the CZ sample 
has greater intensity than CVD and FZ samples. The substrate orientation and doping 
type did not affect the PL. Hence oxygen was thought to play an important role in the 
optical activation of the erbium. However, the PL peak intensity was found to decrease 
when doses of oxygen concentration were > 1018 cm-3 (possibly due to implantation 
damage). The oxygen enhancement of the PL was attributed to the formation of Er-O 
complexes that act as luminescence centers for the 4/1312 -7 4/ 1512 transition. 
Adler et al. [68] investigated the local structure of the Er3+ ions implanted in Si 
by using extended x-ray absorption [me-structure (EXAFS) analysis. From his [mdings, 
the Er species were coordinated with twelve Si atoms in (optically inactive) float zone 
(FZ) Si, but with six 0 atoms in CZ-Si (Fig. 2.14). The implication is that the optical 
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activation of Er involves six fold bonding with 0 impurity atoms (resembling Er203) with 
the Si host playing only a minor role. 
To obtain optimal PL intensity, Michel et al. [67] implanted nand p-type CZ and 
FZ Si wafers at room temperature with Er and a co-dopant. They found the optimum 
annealing temperature that produced the largest intensity to be 900°C for CZ Si (Fig. 
2.15). Favennec et al. [49] also obtained similar results with the PL intensity for CZ more 
than 100 times that for FZ samples. The PL was also enhanced by the co-implantation of 
C, Nand F, but not by heavier elements such as AI, S, Cl or P. 
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Fig. 2.15 Annealing temperature dependence of the erbium luminescence intensity at 4.2 K, for 
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float zone (FZ) and Czochralski-grown (CZ) silicon. The erbium was implanted at room 
temperature at 5.25 MeV. The peak concentration was 1 X 1018 cm-3• The filled data points are 
from FZ samples with additional oxygen implantation (1 X 1018 cm-\ The annealing time was 30 
minutes [67]. . 
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2.2.4 Room Temperature Emission 
In 1994, Zheng et al. [90] reported the fIrst observation of a sharp 1.54 !lm room 
temperature EL. Their LED (Fig. 2.16) was constructed by implanting a B-doped CZ-Si 
wafer with a high dose of P to form a n+/p junction. A backside ohmic contact was 
created by the implantation of extra B. After standard annealing, spatially overlapping Er 
and 0 were made within the bulk p region. Further annealing was performed, followed 
by standard photolithographic / etching procedures to make the Al contacts. 
p 
; ~ : : : : ; ::. ~ : ; : : ~ : :: ~ : : : : : : : ::< ~ : ~ : : : : : ; ::< ~ ; ~ , ' 
.. ..... ... , ..... ... .. . . .. ..... . ....... .... .. . 
Fig. 2.16 LED fabricated by Zheng et at. [90). 
Although EL was observed at room temperature, there was a sharp decrease in 
intensity above 200 K (Fig. 2.17) due to the effective reduction in the number of 
optically active Er centers. In this respect, the performance should be improved by 
optimization of photon confInement and elimination of dislocations introduced during 
device processing. 
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Fig. 2.17 Temperature dependence of the erbium EL peak intensity of the LED 
fabricated by Zheng et al. [90]. 
The PL decay of Er in Si is characterized by a fast decay (:::::100 Ils) and slow 
decay (:::::1 ms) component. In an attempt to understand the thermal quenching processes, 
Coffa et al. [91] measur~d the dependence of these decay times - and that of the PL peak 
intensity - on pump power and temperature. They started with a CZ Si wafer and found 
the thermal quenching of the PL to decrease by two orders of magnitude (from a factor 
of -1000 to a factor of -30) when additional oxygen was implanted into the sample. 
¥easurements from an implanted p+-n diode showed the EL to exhibit similar 
behavior, replicating (independently) the results of Zheng et al. [90] (Fig. 2.17). The fast 
decay time component was fou,nd to increase significantly with both pump power and 
temperature, while the slow component decreased, becoming negligible at above -200 K. 
The proportion and lifetime of excited Er from each class could be obtained from fits to 
the experimental data. The oxygen was also found to prevent saturation of the fast 
component with increasing pump power. This indicates the presence of a large number of 
optically active centers, not all of which can be pumped. The thermal quenching in 0-
codoped sampled, then, must be due to the reduction in decay time, whereas from O-free 
samples the concentration of active sites decreases with temperature, implying that in this 
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case thermal quenching of the PL and slow decay component are due to shallow donors 
saturating with temperature. Since 0 is known also to enhance the donor behavior of Er, 
the fast decay component could be associated with a donor level in the Si band gap. The 
room-temperature luminescence efficiency of Si:Er:O would therefore be improved, in 
the frrst place, by improving the pumping efficiency and reducing the nonradiative 
processes which become so prevalent at high temperatures, rather than by increasing 
further the concentration of active Er3+ ions. 
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Fig. 2.18 Si:Er LED intensity as a function of drive current. The inset shows the EL spectra at 
, 
100 K and 300 K [92]. 
Similar device structure was also fabricated by F. Y. G. Ren et al. [92]. In Fig. 
2.18, Jhe device shows the 300 K EL intensity against forward bias injection current. The 
light output saturates, as expected, because of the long excited state lifetime (-1 ms) of 
the Er center. 
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2.5 Defects formation by ion implantation and related PL 
Ion implantation is a conventional method of introducing dopant atoms into the 
solid substrate by bombardment of the solid with ions in the ke V to Me V energy range. 
One problem with this doping technique is lattice disorder that is created by collisions of 
implanted ion with lattice atoms, displacing them from their lattice sites which may in 
turn displace others. The net result is the creation of a highly disordered region which 
can be annealed at - 600 DC for silicon. However, defects are still present at this 
annealing temperature. For most dopants, higher temperature is required to electrically 
activate them (around 800 DC for boron). However, above 600 DC other defects like 
dislocations and rod-like defects [93] begin to grow (see Fig. 2.19). 
Fig. 2.19 Electron micrograph showing dislocation loops and rod-like defects in silicon 
The study of implantation damage began as early as 1967 by L. N. Large and R. 
w. Bicknell [29]. In the last 2 decades, many works were performed for ion implantation 
induced damage in Si by several groups [94-96]. 
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The PL study of ion implant induced defects was reported by R. Saucer et al. 
[31] and M. Suezawa et al. [97] in 1980s. The PL observed was dislocation-related and 
labeled as Dl (0.81 eV), D2 (0.86 eV), D3 (0.95 eV) and D4 (1.0 eV) [81]. However 
the PL ofthe Dl line appeared to disappear at temperatures above 200 K. In 1994, V. V. 
Kveder et al. [4] reported a faint EL at room temperature in plastically deformed Si. 
Later in 1996, E. O. Sveinbjomsson and J. Weber [5] successfully made an LED with an 
active region that was dislocation-rich. It demonstrated room-temperature efficiency of 
10-6 at -1.6 /lm corresponding to the Dl line. Besides this emission, silicon band to band 
EL was observed. The efficiency for the intrinsic silicon emission, however, was not 
reported. 
Similar EL emission was reported by L. Tsybeskov et al. [6] who believed that it 
originates from silicon region in a nonstoichiometric silicon-rich silicon oxide matrix 
(SRSO). 
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3 Theory 
3.1 Introduction 
This chapter reviews the physics of light emission of erbium in silicon and the 
fundamental theoretical studies of the energy transfer processes in excitation, de-
excitation, and back transfer mechanisms. The luminescence and radiative lifetime 
quenching of Si:Er systems in back transfer process are also presented here. In the later 
part of this chapter, defects and damage in as-grown and ion-implanted silicon are 
described. This provides the basic understanding of the origin of defect-related 
luminescence in silicon. 
3.2 Erbium Luminescence 
Early studies of rare earth (RE) materials revealed that they generally become 
doubly or triply ionized when incorporated into a crystalline host. Also, crystal field 
splitting of the RE energy states allowed optical emission due to internal transitions in 
the 4f-shell. Erbium (Er) in its triply ionized state (Er3+) exhibits a strong, sharp emission 
peak at 1.54 f..lm, associated with the transition from its first excited spin-orbit state 
(4/J3d to the ground state (4/15/2) (Fig. 3.1). This wavelength corresponds to the 
minimum absorption loss of silica-based optical fibers. As the 4f shell is well shielded 
from the host lattice by filled outer 5s and 5p orbital, the wavelength and bandwidths of 
emission peaks such as this are relatively independent of the host lattice and of 
temperature. 
N It was not until 1980s that Ennen et al. [2] found out that Er-implanted silicon 
(Si:Er) produced fme-structured luminescence bands at 1.54 f..lm. In addition, doping in 
some 111-V alloys also produced similar results (Fig. 3.2). 
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It was found that the photoluminescence (PL) intensity decreased significantly 
with temperature. Estimated quantum efficiency of these samples was only z 8 X 10.5 at 
77 K - too low for practical device applications. 
3.2.1 Excitation and De-excitation processes 
Fig. 3.3 depicts the different processes involved in the excitation and de-
excitation of Er in Si at low temperature [3]. Processes listed in regimes I-III compete 
with the Er excitation. Carriers can be easily trapped by deep defect centers and are 
therefore lost for the formation of excitons. Excitons then have different paths to 
recombine. The most significant de-excitation, besides the excitation of Er, occurs 
through electrons in an Auger recombination because of the high carrier densities during 
Er excitation. These processes determine the pumping efficiency. After Er is excited, two 
processes can occur to relax the Er ion. Radiative recombination leads to light emission 
at 1.54 f..lm while an Auger-impurity effect can relax the Er nonradiatively. For serial 
processes, the fastest m~chanism will control the energy flux. 
exciton-
electron Auger 
recombination 
radiative 
vi emission e-h generation exciton intracenter ~ ~ Auger or injection formation 
excitation ~ -' nonradiative 
energy back 
e-h free and bound transfer 
. ..- recombination exciton 
at other radiative 
centers recombination 
II III VI 
Fig. 3.3 Excitation and de-excitation processes of Er in Si [4]. 
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3.2.2 Luminescence Mechanism of Si:Er System 
Several research groups [5,6] have proposed models of the luminescence 
mechanism for Si:Er system. The models proposed are quite similar. Basically, an 
electron-hole pair is formed at an Er-related level in the Si band gap and then the 
recombination of the pair excites the Er 4f-shell by transferring the recombination 
energy. The Er 4f-shellluminescence processes are schematically shown in Fig. 3.4. 
Electron 
capture emission 
CB 
Er-retated level ....... ~ 
, 
• 
\ 
, 
Excitation 
We 
e-h pair at the • • .. 
carrier trap ~ 
, Wa 
, I 
, I VB - ....... t ...... , -- Energy 
/'A\ back-transfer 
capture emission 
Hole 
Si host 
luminescence 
• .... 4.+ •••• , •• ~ 
Er 4f shell 
Fig. 3.4 Schematic picture of energy transfer processes. The Er-related level is assumed to be an 
electron trap [7]. 
, In Fig. 3.4, the Er-related level is assumed to be an electron trap. A similar figure 
can also be drawn for the case of a hole trap. As temperature increases, the intensity of 
the Er 4f-shellluminescence decreases, which is called thermal quenching. In this model, 
two processes may be responsible for the decrease of intensity. One is the decrease of the 
Er 4f-shell excitation efficiency: as temperature increases, the number of electron-hole 
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pairs at the Er-related level decreases due to the thermal emission of carriers from the 
level. Hence, the number of the Er 4f-shell excited states decreases, resulting in the 
thermal quenching. The other is called energy back transfer, which is the reverse process 
of the excitation process: the relaxation energy of the 4f-shell is transferred back to the 
host, forming an electron-hole pair at the Er-related level. The pair thermally dissociates 
at elevated temperature, resulting in the quenching of the luminescence. 
(8) 
(b) 
(c) 
Silicon Erbium 
c~ 
E, 
v---
4 113 
I 2 - 4 I~ 
2 
c---
Fig. 3.5 Schematic representation of several 
possible nonradiative de-excitation processes 
for Er in Si: (a) the back transfer process, (b) 
Auger de-excitation with free electrons, and 
(c) with free holes [8]. 
_ At present, several nonradiative de-excitation processes (Fig. 3.5) were reported 
[8]. Besides back transfer process, Auger impurity de-excitation processes with free 
electrons or free holes also contributed to nonradiative emission. In this case, de-
excitation of the excited 4f electron occurs by giving the energy to an electron in the 
conduction band or to a hole in the valence band. This process resembles the opposite of 
impact excitation from hot carriers. De-excitation probability is proportional to the 
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concentration of free electron (or free holes) and hence also this process depends on the 
position of the Fermi level. 
3.2.3 Thermal Quenching 
Deep level transient spectroscopy (DLTS) (Fig. 3.6) measurements [9,10] have 
indicated that there are defect levels found in Si band gap due to presence of the Er-O 
complex. 
...J 
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Fig. 3.6 DLTS spectrum showing the Er-related defect states in n-type Si [9]. 
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The quenching mechanism can be better understood by taking into account an 
excitation and de-excitation model [11] in Fig. 3.7. An electron may be trapped (T) at 
the level, a hole may subsequently be bound, and if the electron-hole pair recombines, the 
energy may be transferred through an Auger process to Er3+ ion which then becomes 
excited (E). The Er ion can then decay by the emission of a 1.54 J.lm photon. 
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There are two possible quenching processes in this model: ( 1) the bound 
electron-hole complex may dissociate (D) before the energy is transferred to the Er or 
(2) the Er ion, once excited, decays by a nonradiative process, for example, a back 
transfer process (B) in which the Er decays to the ground state and an electron from the 
Si valence band is promoted to the defect level. Both quenching processes require the 
annihilation of one or more phonons and therefore become more probable at high 
temperature. 
To study both quenching processes, combined intensity and lifetime 
measurements were performed by A. Polman [12]. The dissociation process will lead to a 
decrease in PL intensity but will not affect the PL lifetime, while the back transfer 
process will decrease both intensity and lifetime. In his experiments, he found that 
lifetime and intensity decreased with increasing temperature. This shows that lifetime 
quenching, i.e., a back transfer process, plays a significant role in the intensity quenching. 
electron 
+ 
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Er-reloted 
defect 
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c --~--------~--
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Fig. 3.7 Model for the excitation and de-excitation of Er 
in Si [13]. 
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3.3 Defects in as-grown Silicon 
In semiconductor manufacturing and device fabrication, damage and defects are 
induced both on the surface and in the bulk of the silicon material. Defects induced in 
crystal growth processes are termed grown-in defects while defects induced during 
fabrication processes are termed process-induced defects. The major grown-in defects 
are attributable to impurity inhomogeneity due to segregation phenomena. Although 
dislocations or stacking faults are usually not observed in as-grown or as-polished silicon 
wafers, their origins may inherently exist in as-grown crystals and those lattice defects 
can be actualized by the subsequent thermal processes. 
Modern as-grown crystals are considered to be dislocation-free. However, 
grown-in microdefects commonly called swirl defects are observed in as-grown FZ 
silicon [14]. In CZ silicon, swirl-patterned defects can be observed after a certain heat 
treatment. The swirl defects were fIrst reported by Abe and co-workers [15] in 1966. 
Two swirl defects type classifIed as A-swirl and B-swirl were investigated with TEM. A-
swirl defects were fouI}d to be perfect dislocation loops that was interstitial-type in 
nature and that loop planes were near {Ill} [16,17]. On the other hand, B-swirl defects 
have not yet been well characterized because of their weak strain fIeld for TEM. 
3.4 Annealing Induced Defects 
Oxygen, an element introduced into CZ silicon during crystal growth process, is 
present in a concentration of _1,018 atoms/cm3• Thermally induced defects in CZ silicon 
are primarily due to oxygen precipitation. When CZ silicon are subjected to a long period 
of heat treatment at 650 DC - 750 DC, tiny platelets of microprecipitates and 60D 
dislocation dipoles in the <110> directions are formed. 
Heat treatment of silicon at a temperature in the range of 800 DC - 1000 DC 
creates large square-shaped plate-like precipitates on {100} planes with <110> edges 
[18]. Large precipitates often give rise to prismatic punching of dislocation loops and 
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precipitate-dislocation complexes. At this temperature range, extrinsic stacking faults are 
also generated. When annealing is performed between 1100 °C - 1200 DC, large 
octahedral precipitates are formed which occasionally generate dislocations [18]. 
3.5 Ion Implantation Induced Damage and Annealing 
Ion implantation involves the process of bombardment of a crystal with energetic 
(keV to MeV) heavy ions. When an ion slows down and comes to rest in a crystal, it 
makes a number of collisions with the lattice atoms. In these collisions, sufficient energy 
may be transferred from the ion to displace an atom from its lattice site. The displaced 
atom can in turn displace other atoms, and so on - thus creating a cascade of atomic 
collisions. This leads to a distribution of vacancies, interstitial atoms, and other types of 
lattice disorder in the region around the ion track. As the number of ions incident on the 
crystal increases, the individual disordered regions begin to overlap. At some point an 
amorphous layer is formed. 
There is a large ,difference between the annealing behavior of the amorphous layer 
and that of the isolated disordered regions around the track of each particle. The isolated 
disordered regions anneal at lower temperatures than the epitaxial reordering of the 
amorphous layer. 
1. R. Parsons [19] showed that annealing of room temperature implanted 
samples created long straight dislocations and dislocation loops. The loops, which may 
be either vacancy or interstitial ~ype, increase in size at elevated anneal temperature. For 
boron implants in silicon, visible loop defects start to grow at temperatures above 600°C 
and reach a maximum size of 100 nm at 800°C. Annealed room-temperature implants 
contain interstitial loop defects lying on {Ill} planes, and long edge dislocations and 
dipoles lying parallel to < 110> directions. 
In 1997, G. Z. Pan and K. N. Tu [20] reported the TEM analysis on {113} 
rodlike defects and {Ill} dislocation loops in silicon-implanted silicon. These two types 
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of defects increased in size but decreased in number when temperature and time 
increased (see Fig 3.8). It was believed that the dissolution of {113} defects would lead 
to formation of new { Ill} dislocation loops at above 800 DC. 
Fig 3.8 PTEM bright-field images taken symmetrically along the [001] Si direction for samples 
annealed for 60 seconds at temperatures from (a) 500 DC, (b) 600 DC, (c) 700 DC, (d) 800 DC, (e) 
. 
900 DC, (f) 1000 DC, and (g) 1100 DC, respectively. Letters r, p, and f indicate some of the { 113} 
rodlike defects, {II I} perfect prismatic dislocation loops, and {Ill} faulted Frank dislocation 
loops [20]. 
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4 Experimental Work on Si:Er Samples 
4.1 Introduction 
In this chapter, the main experimental techniques employed in the preparation and 
investigation of erbium samples are described. Several batches of samples were prepared 
under different conditions to examine and optimize erbium luminescence intensity. 
Erbium was deposited by laser ablation for all the samples used in this research unless 
otherwise stated. Photoluminescence (PL) spectroscopy and photoluminescence 
frequency resolved spectroscopy (PLFRS) were mainly used for these experiments. In 
order to have a better understanding of the luminescence excitation mechanism and its 
structural properties, microscopic techniques such as atomic force microscopy (AFM), 
scanning electron microscopy (SEM), and transmission electron microscopy (TEM) were 
performed. The chemical compositions and structure bonding were examined using 
Rutherford back scattering (RBS) and Fourier transform infrared spectroscopy (FTIR). A 
better understanding of optimum deposition and annealing conditions in the preparation 
of the samples would allow further progress in the fabrication of a practical Si:Er light 
emitting diode. 
4.2 Sample Preparation 
~he Si:Er samples were fabricated by Birmingham University, England. The 
Czochralski-grown (CZ) silicon (lOO) was used as a substrate. Prior to deposition of the 
sample, the wafer was ultrasonically cleaned with acetone and then with methanol to 
remove organic contaminants formed on the wafer surface. The wafer was subsequently 
dipped into a solution of 3:2:60 HF:HN03:H20 to remove inorganic contaminants and 
surface oxides. Finally, the Si wafer was rinsed with H20 and spin-dried. 
56 
Chapter 4 - Experimental Work on Si:Er Samples 
4.3 Film Deposition by Laser Ablation 
Vie'\Ving Window 
Laser Beam 
Target 
Target Substrate 
Chamber to Vacuum Pump 
Fig. 4.2 Schematic diagram for pulsed laser ablation chamber 
The Si wafer and the bulk target hot-pressed powdered 99% Si: 1 % Er203 (Pi-
-
Kern Ltd.) were placed in the chamber of a laser ablation unit (see Fig. 4.2). The 
chamber was evacuated by a cryo-pump to 2 X 10-6 Torr in order to reduce the wafer 
contamination during ablation. A pulsed KrF excimer laser was used to strike the target, 
ejecting atoms from the target onto the substrate. 
The initial deposition parameters were chosen to resemble those reported in the 
work of Komuro et al. [2]. After the deposition, the wafer was cut into six fragments 
and annealed in a small tube furnace in nitrogen atmosphere. Each of the samples was 
annealed individually at different temperatures between 400 to 900°C for 30 minutes. 
, 
Some variations of fabrication conditions were carried out such as deposition in oxygen 
and annealing in ambient condition. One batch of the samples was deposited with a 
thicker [llm and another batch was annealed at different length of annealing time. All the 
experimental samples were categorized and are presented in section 4.8. 
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4.4 Photoluminescence Spectroscopy 
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Fig. 4.3 Experimental setup for photoluminescence spectroscopy 
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The photoluririnescence (PL) measurements were performed by excitation from 
an Argon laser (Spectra Physics Model 2020) set to the 488 nm line_ The excitation 
power was adjusted to 100 mW_ It should be noted that the power reaching the sample 
would be attenuated in the optical path by, at least, a factor of 10 (See Fig. 4.3 for PL 
setup) due to the presence of transmissive and reflective media such as mirror and lenses_ 
The laser beam was mechanically chopped and focused onto the sample mounted 
in the cryostat. Liquid Nitrogen was pumped into the closed cycle helium cryostat to 
perform PL at low temperatures (- 80 K). To achieve even lower temperatures (-10 K) , 
. 
liquid helium could be used. The luminescence from the sample was directed into a Spex 
1702/04 Spectrometer fitted with a 1 !-lm grating and a liquid-nitrogen cooled PIN Ge 
detector was used to detect the luminescence at a wavelength set on the spectrometer. A 
lock-in amplifi~r analyzed the signal from the detector and the output taken to a 
computer controller, which is used to store and process all the input parameters. 
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4.5 Photoluminescence Excitation Spectroscopy 
In photoluminescence excitation spectroscopy, a 100 W tungsten lamp was used. 
It was focused with respect to the excitation phase. A monochromator dispersed the light 
monochromatically and a mechanical chopper chopped the light before it was directed 
onto the sample in the cryostat. The excited PL from the sample was focused onto the 
entrance of the Spex 1702/04 spectrometer set at 1535 nm for analysis. In this research, 
the monochromator was set to obtain a range of excitation wavelength between 700 nm 
and 1500 nm. 
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Reflective Mirror 17 ........ 0010 K- ---- 010 ..... 00.:: -----------------
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Fig. 4.4 Experimental setup for frequency domain lifetime measurement. 
4.6 Frequency Domain Lifetime Measurement 
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Lifetime measurements (experimental setup as shown in Fig 4.4) were performed 
at various discrete temperatures from 90 K to room temperature (RT) using a fast liquid-
59 
Chapter 4 - Experimental Work on Si:Er Samples 
nitrogen cooled Ge detector. The experimental setup was quite similar to that of the PL 
spectroscopy setup except the laser beam was sine wave modulated by an acousto-optic 
modulator chopper. The in-phase and quadrature-phase signal with respect to the 
excitation phase were measured with the known erbium PL peak at 1535 nm and its side 
peak at 1549 nm. Readings were recorded between frequency range from 20 Hz to 100 
KHz. A fuller description of this technique is given by M. A. Lourenc;o [3]. 
4.7 Rutherford Backscattering and Channeling 
Rutherford Backscattering (RBS) is based on collisions between atomic nuclei 
and the technique derives its name from Lord Ernest Rutherford [4], who in 1911 was 
the fIrst to present the concept of atoms containing nuclei. The backscattering of 
energetic singly charged helium ions (He +) was used to determine the atomic mass and 
elemental concentrations versus depth below the surface of Er samples. The 1.5 Me V 
helium ion was produced by a 2 MeV Van de Graff accelerator [5]. The detector was a 
Si surface barrier detector positioned at an angle of 1670 with respect to the incoming 
beam. 
From an analytical point of view, RBS compatible materials are heavier mass 
elements on lighter substrate materials. Heavier mass thin fIlms produce high intensity 
RBS signals free of background. RBS measurements of lighter elements are more 
difficult due to the low signal-to-background ratio. RBS yield depends on the number of 
target atoms encountered by the penetrating particles along their path. For single-
crystalline target materials, the incoming beam direction can be aligned with one of the 
major crystallographic axes of the substrate. At such conditions, which is referred to as 
ch,anneling, the backscattering yield reduces drastically. Channeling provides crystallinity 
information of the target as well as determines whether an impurity atom occupies a 
substitutional lattice location. 
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5 Experimental Work on Si Samples 
5.1 Introduction 
Silicon has been the dominant semiconductor material since the mid-1960s. Now 
these days, probably 95% of all the semiconductors are fabricated using silicon. In the 
last decade, quite a strong effort has been devoted towards the achievement of improving 
the efficiency of light emission from silicon. Literature [mdings on intrinsic light emission 
from silicon, however, are rare especially at room temperature. This is because silicon is 
an indirect bandgap material (i.e. when an electron crosses the bandgap and emits a 
photon, it must change its energy level, obviously, as well as its momentum.) Although 
porous silicon LEDs have demonstrated room-temperature light emission capability, 
these devices are unstable and complex to fabricate. In this project, an efficient 
dislocation-rich silicon light-emitting diode was made. This is a pioneer approach to 
obtain an efficient room-temperature intrinsic silicon bandedge electro luminescence. 
In this chapter, processes involved in the preparation of the silicon samples are 
described. Several different sets of silicon light emitting diodes were fabricated in 
different implant and annealing conditions. The electrical and optical characterization 
techniques were also presented. The light emission properties were investigated by 
electro luminescence (EL) spectroscopy and transmission electron microscopy (TEM). 
5.2 Starting Material 
Most of the device substrates used in this work were n-type phosphorous-doped 
(100) crystalline silicon grown by the Czochralski (CZ) method. The substrate resistivity 
commonly used here is about 2-7 Ocm. The CZ-grown silicon contains oxygen, which is 
the dominant impurity presence at a concentration level of approximately 1018 cm-3 [1]. 
A device with p-type boron-doped (100) CZ-Si substrate (resistivity of 6-22 Ocm) was 
also used·for comparison with the n-type device. 
62 
Chapter 5 - Experimental Work on Si Samples 
5.3 Ion Implantation and Annealing 
Ion Ion Mass Beam Target Source Acceleration Separation Sweeping Chamber 
Fig. 5.1 Basic elements of a typical ion-implantation system. 
Ion implantation provides an alternative method of introducing dopant atoms into 
the lattice [2]. The implantation system shown in Fig. 5.1 illustrates the basic modules 
required in this technique. In this case, a beam of dopant ion is extracted at the source 
and accelerated through a large potential difference, typically between 10 kV and 1 MV. 
Eventually the ion beam is raster-scanned over the sample. Note that a mass-separating 
magnet is almost mandatory to eliminate unwanted species that often dominate the 
extracted beam. Secondary electron emission is suppressed by an electric field applied 
between the target and ground. 
One of the most important considerations is the depth (range) distribution of the 
implanted ion. As an ion penetrates a solid target, it loses its energy in a series of 
, 
bombardments with the target atoms until the ion comes to a rest. Hence by varying the 
implant energy continuously, one may achieve (in principle) almost any type of dopant 
profIle. The range distribution depends strongly on the orientation of the crystal with 
re~pect to the implantation direction. The channeling effect happens when an ion enters a 
crystalline solid almost parallel to a major axis or plane. A correlated series of collisions 
may steer the ion gently through the lattice, thus reducing its rate of energy loss and 
thereby increasing its penetration depth. 
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When channeling is avoided by tilting the substrate off the normal by a typical 
angle of about 8°, energetic implanted ion has a Gaussian-shaped distribution given by 
the expression: 
(5.1) 
where fi is the average concentration at the peak, and Nd is the number of implanted 
atorns/cm2, and 8Rp, in cm, is the standard deviation of the project range Rp. 
Much of the lattice disorder (damage) introduced by the bombardments of 
implant ions within the substrate can be repaired by post-implant annealing at 
temperature of 600°C or lower [3]. However, dislocation loops are formed on the 
annealing of the disordered regions, generally at temperatures above 600°C. In this 
work, dislocation loops were intentionally created by annealing of implanted samples 
above 900°C for 20 minutes in a conventional furnace. Some samples were annealed at 
various temperatures in order to study the annealing effects on the sample's physical and 
optical characteristics. 
5.4 I-V Measurements 
After annealing, metallization top contacts were made using aluminium (Al) and 
eutectic AuSb for the bottom contact. The area of the contacts was 1 mm2 and 3 mm2 for 
the top and bottom contacts respectively. The ohmic contacts were sintered at 360°C 
for 2 minutes. The current voltage (I-V) measurements were made in dark enclosure 
between the back and the front contacts to check that the device is behaving like a diode. 
A sensitive current-volt meter is used to obtain readings below 0.1 V across the diode 
for an accurate estimation of the diode linearity factor. 
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5.5 Photoluminescence Spectroscopy 
The photoluminescence (PL) experimental setup performed on these sets of 
sample are similar to section 4.4. PL was performed mainly at room temperature, excited 
by a 100 mW 488 nrn laser. 
5.6 Electroluminescence Spectroscopy 
Energy can be converted into photons in a variety of ways. One example is the 
conversion of heat to light - thermoluminescence. If crystals are exposed to light beams, 
it is found that they will emit light of another wavelength - photoluminescence. A direct 
process of converting electrical energy into light is termed electro luminescence. 
The experimental setup is in part similar to the PL setup. Samples were clipped to 
the sample holder by its top and bottom contacts that leads to an external function 
generator capable of driving current of up to -200 rnA. The sample holder was inserted 
into a cryostat with windows where EL was focussed by converging lens onto the 
spectrometer. 
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6 Results and Discussion on Si:Er Samples· 
6.1 Introduction 
In order to obtain strong room-temperature light emission from Er in Si, the laser 
deposition and annealing conditions had to be investigated. The optical quality of the 
deposited thin Er film can be assessed by photoluminescence (PL) experiments. The 
beginning of this chapter shows some important results achieved to enhance the PL 
emission from Er in Si. The excitation mechanism of the Er emission was examined by 
direct optical excitation measurements and is presented in this chapter. The relationship 
between the Er radiative lifetime and the quenching of luminescence with temperature 
was studied and also presented. A comparison between material fabricated by ion 
implantation and laser ablation technique was given in section 6.4. A light emitting 
diode was made from this material and optically characterized and finally, the 
microstructure of Si:Er samples, investigated by various microscopy and spectroscopy, 
will be presented in section 6.6. A fuller discussion of the results will be given towards 
the end of this chapter. 
Sample Label Annealing Conditions Sample Annealing Conditions 
Name 
ERBI As-deposited ERB9 450°C, 30 min, ambient 
ERB2 340°C, 30 min, N2 ERBI0 450°C, 30 min, N2 
, (2.5 J/cm2) 
ERB3 400°C, 30 min, N2 ERBII 450°C, 90 min, N2 
ERB4 450°C, 30 min, N2 ERB12 550°C, 30 min, N2 
(Er deposited in O2) 
~5 450°C, 3 min, N2 ERB13 650°C, 30 min, N2 
ERB6 450°C, 15 min, N2 ERB14 750°C, 30 min, N2 
ERB7 450°C, 30 min, N2 ERB15 850°C, 1 min, N2 
ERB8 450°C, 45 min, N2 ERB16 850°C, 30 min, N2 
., 
Table 6.1 List of Si:Er samples with Er deposited by laser ablation technique. 
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In this chapter, most of the experiments were performed on sample ERB3 (see 
Table 6.1) that showed outstanding PL emission at room temperature. All samples were 
deposited in a laser ablation chamber with pressure of about 2 x 10-6 torr (except sample 
ERB4) and the typical energy density of a pulse from the laser is approximately 1.5 
J/cm2 (except ERBlO). The laser pulse duration was 20 ns and the frequency 10 Hz. 
These settings usually produced a thin film thickness of -1000 A. All samples were 
annealed in nitrogen except sample ERB 1 and ERB9. 
6.2 Photoluminescence 
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Fig. 6.1 PL spectra peak at 1535 nm for ERB4 sample at 295 K (excitation wavelength = 488 
nm, laser source power = 100 mW). 
A typical PL spectrum was obtained as shown in Fig 6.1. The sample ERB4 was 
excited by 488 nm Argon laser at 100 mW power at room temperature. Two clear sharp 
features can be identified at 1.535 and 1.550 Jlm, being the characteristic of the intra-4f 
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Er3+ transition between the Stark split 4/13/2 ftrst excited state and 41)5/2 ground state. 
The full width at half maximum (FWHM) is -30 nm. No other emission was detected in 
the range from 0.7 /lm to 1.700 /lm. 
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Fig. 6.2 The integrated PL intensity as a function of annealing temperature, ranging from 300 K 
to 850 K, for the Si:Er samples (ERB2, ERB3, ERB7, ERB12, ERB13, ERB14, and ERB16) 
measured at 80 K. 
PL was performed on the seven samples (ERB2, ERB3, ERB7, ERBI2, ERB13, 
ERB 14, and ERB 16) prepared under different annealing temperature in a furnace with 
high vacuum. Fig. 6.2 shows the area integral of the PL centered at 1535 nm of the 
" 
seven annealed samples and as-deposited sample (ERB1). The graph shows that an 
annealing temperature of near 450°C produced the strongest luminescence. As 
deposited and samples annealed at 850 °C gave much reduced intensities. 
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Fig 6.3 The integrated Er PL peaking at 1535 nm for samples annealed for 3, 15, 30,45 and 90 
minutes (ERB5, ERB6, ERB7, ERB8, and ERBH respectively) at an annealing temperature of 
450 DC. The PL intensity for as-deposited sample (ERBl) is positioned at O. 
Knowing that the optimum annealing temperature was about 450 DC, more 
samples were prepared to study the impact of the annealing duration on Er emission. Six 
samples prepared under identical conditions were annealed separately for different 
duration. These samples namely ERBl, ERB5, ERB6, ERB7, ERBS, and ERBll were 
characterized by PL spectroscopy. The results presented in Fig. 6.3 shows that an 
annealing duration of less than 15 minutes is sufficient to produce optimum emission. 
Longer annealing shows no i~provement in Er radiative emission. 
Fig. 6.4 shows the PL spectra performed on the 400 DC sample (ERB3) at 
various temperatures from 10K to 360 K. The spectra is typical of the intra-4f Er3+ 
transition from the first excited state 4 I 1312 to the ground state 4 I 1512. The Er3+ emission 
peak position did not change over the temperature range investigated, however its peak 
intensity monotonically decreases with increasing temperature. At and above room 
temperature, the Er3+ emission is still clearly visible. Another emission peak was found 
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at 1.550 ~m. The PL temperature dependence of the main peak at 1.535 ~m and the 
subpeak at 1.550 ~m were found to be different. 
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Fig 6.4 PL spectra at various temperature from Si:Er sample (ERB3) annealed at 400 °C under 
excitation at 488 nm. A luminescence peak above RT at 1535 nm was observed. The PL 
quenching is about a factor of 2.5 from 80 K to 300 K. 
The quenching of the luminescence intensity between 80 K to 300 K is only 
about a factor of 2.5. More PL measurements were performed for the same sample 
(ERB3) at 30 K step. Liquid helium was used to cool the sample down to -10 K. The 
PL'spectra obtained at each measurement temperature were integrated and plotted as 
shown in Fig. 6.5. The PL quenching factor is -5 from 10 K to 360 K. It should be 
noted that a stronger luminescence quenching occurred between 10 to 80 K. 
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Fig. 6.5 Plot of PL peak intensity at 1535 nm as a function of temperature for the Si:Er sample 
(ERB3) after annealing at 400 °C for 30 min in an N2 atmosphere. (Apump = 488 nm, pump 
power = 100 mW, specjral resolution = 1 nm). 
To confrrm that the PL of Er3+ was excited from the Si band edge, excitation 
spectroscopy was used to measure the excitation behavior of the PL intensity at 1535 
nrn. In Fig 6.6, the excitation source from monochromator was measured and integrated. 
The source was used to excite the sample ERB3 and the PL obtained was measured and 
, 
area-integrated. The ratio of the excited area to source area was plotted and this was 
repeated for different excitation wavelength range from 600 to 1500 nm (see Fig. 6.7). 
The results in Fig. 6.7 show the strong Er luminescence at 1535 nm excited at 
band edge of Si. 
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Fig. 6.6 Plot of excited PL (emission centered at 1535 nm) from Si:Er sample (ERB3) at 80 K 
as a function of excitation wavelength showing the Si absorption cut-off point near 1062 nm. 
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Fig 6.7 The photoluminescence excitation spectrum showing the excitation source centred at 
1000 nm and the excited Er3+ emission peak at 1535 nm (magnified by a factor of 28550). 
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6.3 Er3+ Luminescence Lifetime Distribution 
The frequency domain luminescence lifetime measurements were investigated at 
90 K and room temperature. The results are presented in Fig. 6.8 and Fig. 6.9 
respectively. The modulation frequency range between 20 Hz to 100 KHz was used to 
modulate the laser source while PL intensity was measured in fixed wavelength at the 
main Er3+ emission peak of 1.535 Jlm (1.550 Jlm for side peak measurement). The 
frequency, v, at the peak intensity of quadrature phase are related to lifetime, 't, by the 
relation't = (21tVrl. The quadrature signal shows a peak at around 1700 Hz equivalent 
to a lifetime of 94 Jls. The lifetime obtained is faster than the intrinsic lifetime (-1 ms) 
[1-3] reported for the internal transition in erbium of - 1.5 ms. The lifetime obtained at 
room temperature (297.5 K) was also found to be 94 Jls and is temperature independent. 
This is consistent with the lack of quenching of the PL intensity with temperature. 
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Fig. 6.8 Plot of PL intensity at 1535 nm peak (solid line) and 1550 nm (dotted line) side peak 
over a freqllency range of 20 Hz to 100 KHz. Measurements were performed at 297 K room 
temperature (Apump = 488 nm, pump power = 100 m W). 
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It is worth noting that the same results were found for the side peak at 1550 nm. 
Photoconductive frequency resolved spectroscopy (PCFRS) [4] was performed on the 
sample and confirmed that the lifetime is -95 /ls. The results are not shown here. 
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Fig 6.9 Plot of PL intensity at 1535 nm peak (solid line) and 1550 nm (dotted line) side peak 
over a frequency range of 20 Hz to 100KHz. Measurements were performed at 90 K (Apump = 
488 nm, pump power = 100 m W). 
6.4 C~mparison with Ion-implanted Er 
Figure 6.10 shows th~ temperature dependance of PL intensity of Er-doped Si 
prepared by laser ablation and ion implantation. It can be clearly seen that the thermal 
qu~pching characteristics are quite different between the 2 doping methods. On one 
sample erbium was implanted at 380 ke V to a dose of 2 X 1015 Er/cm2 followed by 
annealing in a conventional furnace in N2 ambient at 600°C for 4 hours and additional 
annealing at 900 °C for 30 minutes. On the other sample (ERBIO), Er was deposited by 
--
laser ablation deposition with doping level of 1.0 X 1020 cm-3 in the Si thin film. After 
the deposition, the Si:Er thin film was annealed at 450°C for 30 minutes in a N2 
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atmosphere. The PL of ion-implanted material quenches rapidly at low temperature and 
becomes indistinguishable at above 160 K. For ERB 10, PL peak intensity is decreasing 
slightly above 200 K. 
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Fig 6.10 Comparison of PL integrated spectra Er-implanted sample and ERB 10 sample. Plots 
for the ion implanted sample are magnified by a factor of 20. The inset shows the FWHM of the 
emission peak from 15 K to 350 K (Apump= 488 nm, pump power = 500 mW) for the laser 
ablated samples. 
The maximum total PL intensity observed for ERB 10 occurred at -170 K. 
Thermal quenching from 80 K to room temperature is - 1.25 only. No obvious 
quenching is observed below 200 K. However the inset shows that the full width at half 
maximum (FWHM) is constantly decreasing below 200 K. Similarities can be found in 
the literature which states that the maximum Er emission has occurred from all Er3+ ion 
in different lattice sites due to crystal field split spin-orbit levels and sub-levels [5,6]. At 
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lower temperature the emission seemed mainly to occur from Er3+ ions in the sites of 
more stable tetrahedral (Td) symmetry. 
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Fig 6.11 Comparison of PL intensity from Er3+ emission of implanted sample and ERB 10 for 
various laser excitation power at 80 K. Plots for the ion implanted sample are magnified by a 
factor of 20 (A"ump= 488 nm). 
, Figure 6.11 shows the PL peak intensity of the Er deposited sample ERB 10 and 
implanted sample for laser excitation power set in the range from 50 mW to 1.6 W. The 
PL plot for the latter sample has been magnified by a factor of 20. The measurements 
are performed at 80 K using 488 nm excitation. In both samples, the PL intensity is sub-
linearly related to laser power. It can be clearly seen from the plot of the implanted 
sample that is more strongly affected by this laser power than the sample prepared by 
laser ablation. It is believed that at higher excitation power, that contributes to local 
heating, Er non-radiative recombination becomes a dominant factor in competition with 
" 
radiative recombination, for example through dissociation of bound Er exciton. 
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6.S Electroluminescence of Si:Er LED 
Even though strong room-temperature Er PL was easily obtainable, good 
electroluminescence (EL) has still not been achieved. Proper engineering of the device 
structure has to be constructed for efficient carrier injection in the active region. A few 
devices have been fabricated by ion implantation and laser ablation. The IV 
characteristics obtained was reasonable, but strong RT Er emission is not observed. 
AI I I AI 
Si:Er(O) 
T 
p-Si 
T 
Fig. 6.12 The schematic of a double Schottky device with AVSi:Er/p-Si structure. The Si:Er 
film was deposited by laser ablation with a thickness of -100 nm. Annealing at 450°C for 30 
minutes activate the Er3+ ions. The breakdown voltage is -30-40 V across At contacts. 
In the preliminary investigation, a basic double Schottky diode was made as 
shown in Fig. 6.12. After cleaning and HF acid dipped, the Si:Er film was deposited 
onto p-Si (100) by laser ablat,ion to a thickness of -100 nm. Aluminium (AI) contacts 
were deposited by evaporation. The device was annealed at 450°C for 30 minutes in 
N2• "The IV characteristics (not shown here) of the device exhibited a typical double 
Schottky characteristic with breakdown voltage near ± 40 V. No EL was observed at 
breakdown region at 80 K when device was biased near breakdown voltage> 50 V. 
In the sec'ond attempt, a device simply made by deposition of Er onto p-type Si 
(100) with substrate resistivity of -10-22 Ocm in the usual fashion. Aluminium (AI) 
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was deposited by evaporation on the back of substrate and gold (Au) on the front. 
Ohmic contacts were formed by sintering at -350°C for 2 minutes. IV measurement 
show reasonable diode characteristics. 
I (mA) 2 
Si:Er(O) 
p-Si 1 
AI I I AI 
-11' I -1b I -9 I -8 I -1 I -6 I -5 I -4 I -3 
v (V) 
-1 
Fig 6.13 IV characteristics of Si:Er Schottky LED. The inset shows the basic schematic of the 
LED (Au/Si:Er:O/p-SiI AI) structure . 
. EL measurements were performed from 80 K to RT for device under a forward 
biased exceeding 100 rnA at 5V. Figure 6.14 shows an EL spectrum of Er3+ emission 
peaked at 1540 nm for the S~hottky diode at 80 K. The full width at half maximum 
(FWHM) is -90 nm. Above 160 K, EL is not detectable (see Fig. 6.15). 
79 
Chapter 6 - Results and Discussion on Si:Er Samples 
50~---------------------------------------------, 
40 
-> 
~ 30 
->-~ 
t/) 
C 
CD 20 ..... 
c 
-
..J 
W 
10 
O~~~~~~~~~~~~~~~~~~~~~~~ 
1400 1450 1500 1550 1600 1650 
Wavelength (nm) 
Fig. 6.14 EL spectra peak at 1540 nm for Si:Er Schottky LED with Au/Si:Er:O/p-SilAl structure 
at 80 K. The device was tested under forward current of > 100 mAo 
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Fig. 6.16 IV characteristic of a light-emitting diode fabricated by ion implantation and laser 
ablation technique with AlISi:ErISi(p+)/Si(n)/Si(n+)/AI structure. The inset shows the structure 
of a light-emitting device (LED). Boron was implanted to a dose of 1.6 x 1015 cm-2 at 50 keV 
followed by arsenic back-implant to a dose of 1 X 1014 cm-2• 
In the next attempt, a light-emitting diode was fabricated by similar ion 
implantation and laser ablation technique (see Fig. 6.16). The inset of Fig. 6.16 shows 
the structure of a light-emitting device (LED). Boron was implanted to a dose of 1.6 x 
1015 cm-2 at 50 keY followed by arsenic back-implant to a dose of 1 X 1014 cm-2. Then it 
was annealed at 1000 °C for 1 minute. The sample was chemically cleaned and HF 
dipped before the deposition of Si:Er film by laser ablation (chamber vacuum of - 3 X 
10-5 torr; 2.5 J/cm2 energy density per pulse; 2 X 4 mrn2 laser spot size; 30 minutes 
deposition of 10000 pulses at 10Hz; 1 minute pre-ablation of target of 600 pulses). The 
ohmic contacts were formed by aluminium backside deposition by evaporation and 
" 
annealed at .450 °C for 30 minutes in air ambient. The top sides ide aluminium contacts 
were then deposited by evaporation and heat at - 90°C on hot plate for - 1 hour. This 
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heating seemed to make topside contacts more ohmic as observed by IV characteristics 
when compared with unannealed top contact's IV (IV comparison not shown here). 
The IV curve in the figure shows that the device possessed a good diode 
characteristic. The PL results (not shown here) showed a strong RT emission from Er3+. 
However, when performing EL test on this diode at forward current of 50 rnA and 
above between 80 K and RT, no emission was detected. Hence a better carrier injection 
technique has to be devised. 
I AI I 
Si:ErtO) 
Si (p+) 
Si (p) 
Si (p+) 
AI I I AI 
Fig. 6.17 The schematic of a light-emitting diode with AVSi:Er/Si(p+ )/Si(p )/Si(p+)/ Al structure. 
Backside aluminium (AI) was deposited prior to annealing at 450°C for 30 minutes in N2• 
Topsid~ Al was deposited after annealing and sintered at -80°C for 1 hour. 
Another device was pr,oduced as shown in Fig. 6.17. In this attempt, the Si:Er 
film thought to be net n-type was deposited onto a Si(p+ )/p-Si substrate/Si(p+) material. 
Met~llization was done by aluminium deposition both on the top and back of the device. 
Strong RT PL was obtained from Er3+ emission. When performing temperature 
dependence EL experiments from 80 K to RT, emission peaks at 1130 nm, 1350 nm and 
1540 nm were observed at low temperature when diode was operating at 80 V, 7 rnA 
current. Ab~ve 200 K, EL from Er3+ emission was totally quenched. A EL spectrum of 
this diode at 120 K was shown in Fig. 6.18. 
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Fig. 6.18 EL spectra peak at 1130 nm, 1350 nm and 1540 nm for Si:Er LED with 
AVSi:ErISi(p+)/Si(p)/Si(p+)/AI structure at 120 K. The device was tested under forward current 
of> 7 rnA. 
To improve the carrier injection, a light-emitting diode with high doping 
concentration was fabricated by ion implantation and laser ablation technique (see Fig. 
6.19). This device has a substrate resistivity of -0.001 .ocm. The inset shows the 
structu~e (AVSi:ErlSi(n++)/Si(n)/SbAu) of a light-emitting device (LED). Arsenic was 
implanted to a dose of 2 X 1014 cm-2 at 50 keY. Then it was annealed at 1000 DC for 1 
minute. The sample was chemically cleaned and HF dipped before the deposition of 
Si:Er film by laser ablation. 0.1 % SbAu was deposited to form contacts on the backside 
by evaporation. The device was annealed at 450 DC for 30 minutes in air ambient. The 
topside Al contacts were then deposited by evaporation and heated at - 90 DC on a hot 
plate for - 1 hour. 
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The IV measurements as shown in Fig. 6.19 exhibited a typical diode 
characteristic. When device was tested under forward and reverse biased, no EL 
emission was observed. 
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Fig. 6.19 IV characteristic of a light-emitting diode fabricated by ion implantation and laser 
ablation technique. The inset shows the structure (AVSi:Er/Si(n++)/Si(n)/SbAu) of a light-
emitting device (LED). Arsenic was implanted to a dose of 2 X 1014 cm·2 at 50 keV. and was 
annealed at 1000 °C for 1 minute. 
, 
6.6 Microscopy and Analysis of Si:Er Thin Film 
The understanding of the excitation mechanism of Er in Si is not complete 
without additional analysis of the material's physical and structural properties. No 
microscopic study of laser deposited Er on Si has been reported in the literature. 
In this section, the surface morphologies and microstructures of Si:Er thin film 
produced by the .laser ablation technique are discussed. The optical properties are 
characterized by photoluminscence (PL) and fourier transform infrared (FTIR). The 
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structural properties are examined by atomic force ffilcroscopy (AFM) , scanning 
electron microscopy (SEM) using secondary electrons, X-ray Diffraction (XRD) , 
Rutherford backscattering spectrometry (RBS) and transmission electron microscopy 
(TEM). 
~M 
50 
X 10.000 ~N/di. 
2 100.000 nN/di. 60 ~N 
X 20 . 000 uN/di. 
Z 200.000 nN/di. 
Fig 6.20 AFM images of: (a) (l00) Si substrate (b) Si:Er thin film deposited on (a) by laser 
ablation. Vertical scale p~r bar: (a) 100 nm, (b) 200 nm. 
The surface of the film was first examined by AFM. The surface roughness of 
the Si (100) wafer and a sample with deposited film are shown in Fig. 6.20. The surface 
analysis shows the presence of many irregular features with a size of up to -10 11m and 
a roughness height of up to -80 nm. 
In Fig. 6.21 , the tilted-view cross-sectional SEM picture shows many droplet-
shape-features on the sample surface that we believed, to be the macroscopic particles 
ejected from the target material caused by craters on the surface due to high power laser 
irradiation damaged. The round features of size up to 5 11m were found to be composed 
of Si and 0 by EDX analysis. The size distribution is quite similar to those obtained 
from AFM (see Fig. 6.20). The droplets may be made up of nanocrystallites in the form 
of Si-Si and/or Si-O matrix [7]. 
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The infrared absorption spectra, in the range of 700-1300 cm- 1, for as-deposited 
sample (ERB1), sample annealed at 450°C in N2 (ERB7) and untreated wafer are 
shown in Fig. 6.22. No significant peaks were observed beyond this spectral range. 
From the figure, it can be seen clearly that peaks are observed at 1010 cm-1 and 1030 
cm-1 for the as-deposited sample and the heat-treated sample. The absorption bands 
arising from two-phonon Si-Si symmetric stretching may be due to the different Si 
clusters' size in the film [8]. For the substrate material, this absorption peak is absent. 
From the PL results, intense Er3+ emission at 1.535 ~m at room temperature (RT) with 
low thermal quenching similar to the pronounced erbium-doped hydrogenated 
amorphous silicon a-Si:H(Er) material [9]. The difference with this material is the 
absence of Si-H bonding known to absorb in the 2100-2200 cm-1 spectral region which 
was not detected by FTIR. 
20J.!m 
I 
Fig 6.21 Tilted top view of SEM image of a Si:Er film surface. Image shows many large 
droplets features on the surface with sizes of up to 5 ~m in diameter. SEM electron beam 
voltage was 3_.00 kY. 
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Fig 6.22 Infrared absorption spectra for (100) Si wafer and Si:Er samples (ERBI and ERB7 
respectively) prepared by laser ablation. 
Figure 6.23 shows the typical spectrum of our sample ERB7 by XRD analysis. 
The peak clearly shows the presence of crystalline Er203 and amorphous Si-Ox in our 
deposited film, being in argreement with our TEM results. 
figure 6.24 (a) shows the RBS spectrum of the Si:Er sample (ERB7) with 0, Si 
and Er marked, the atomic ratio of each element detected by RBS is depicted in Fig. 
6.24 (b). 0 and Si contents are.uniformly distributed across the depth of the film. From 
the RBS element profiling, it suggests that the amorphous Si-O matrix is 
nonstpichiometric of either SiO or Si02• Preliminary X-ray photoelectron spectroscopy 
(XPS) analysis of the nature of chemical bonding indicates the presence of several sub-
oxides in the amorphous phase. Further work is in progress. A high concentration of 
-2.5 X 1020 Er/cm3 and -2 X 1022 0/cm3 are built up near the interface between the c-Si 
substrate and the deposited film as shown in the RBS profile. 
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Fig 6.23 XRD spectrum of a typical Si:Er (ERB7) film measured at room temperature. 
The interface of -5-10 nm thick present in all deposited samples can be clearly 
observed by TEM as shown Fig. 6.25 (a). The high Er203 content at the interface that 
should come from the segregation and trapping effect are quite different to the work 
demonstrated by 1. S. Custer et al. [10] for solid phase epitaxy of Er-implanted 
amorphous Si. During the laser ablation, a hot plume is ejected from the target material 
and deposited on the substrate, the heat produced may cause the deposited Er to 
segregate and diffuse towards the surface where more oxygen is present. On the other 
hand, post-deposition annealing could have annealed out the damage on the crystalline 
region towards the film as seen by the contrast interface in the figure. The element 
concentration of the film was analyzed by energy dispersive x-ray spectroscopy (EDX) 
and is presented in Fig. 6.25 (b). The Er and 0 in the form of Er203 are mainly located 
in the amorphous layer with a maximum concentration located near the 
amorphous/crystalline interface. 
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Fig 6.24 (a) A typical RBS spectrum of a Si:Er film (ERB7) prepared by laser ablation (pulse 
density 1 J/cm2; pulse duration 20 ns). (b) Er, Si and 0 (dotted line) concentration/depth 
profiled determined by RBS. 
, In Fig. 6.26, 3 samples (ERBl, ERB7, and ERB16) were examined by TEM. 
The film thickness measured are 90 nm, 69 nm and 40 nm respectively. Results 
presented in Fig. 6.2 shows that ERBI and ERB16 exhibit weak room-temperature PL 
as compared to strong PL from ERB7. In the as-deposited sample as shown in Fig. 6.26 
(a), Er precipitates are formed largely near the interface region. The Er atoms may be in 
metallic form and probably in the "inactive" lattice site. In Fig. 6.26 (b), a clear 
89 
Chapter 6 - Results and Discussion on Si:Er Samples 
interface with high concentration Er203 was formed similar to that in Fig. 6.25 (a). At 
the high temperature of 850 cC, Er could have undergone structural changes and 
diffused towards the surface, hence the number of "active" Er in Si matrix is greatly 
reduced. (see Fig 6.26 (c)). 
(a) 
20nm 
(b) 
Si o Er 
Fig 6.25 (a) Cross-sectional TEM images of the film area of the sample (ERB7) annealed at 450 
cC in N2 and (b) EDX mapping obtained for Si, 0 and Er in the film. 
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Fig 6.26 (a) Cross-sectional TEM images of the film area of the as-deposited sample, annealed 
at (b) 450 °C and (c) 850 °C (ERBl, ERB7, ERB16 respectively). 
6.7 Discussion 
In this section, the results presented m this chapter, mainly the 
photoluminescence (PL) data, will be reviewed and analyzed. The annealing conditions 
on erbium PL emission for the erbium samples prepared by the laser ablation technique 
will be discussed. The excitation mechanism and the quenching of the PL with 
temperature will then be commented on. Finally, the investigation of the physical and 
structural properties of the erbium samples will be discussed and summarized. 
The room-temperature PL spectrum obtained from sample ERB4 (refer to Fig. 
6.1) resembles that produced by S. W. Roberts et al. [11] who doped Er in silicon 
monoxide, however it is slightly different from that of Komuro et al. [1], even though 
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the processing condition and parameters are quite similar. The spectrum also shows 
similarities with that reported by Minoru Fujii et al. [12] and G. N. van den Hoven et al. 
[13] who studied the photoluminescence of Er doped into Si02 film containing Si 
nanocrystals. From the RBS data (see Fig. 6.24), the concentration of the oxygen in the 
doped layer is -2 X 1022 O/cm3• Hence it suggests that the intra-4f transition of erbium 
comes mainly from the Si in an oxygen rich matrix within the -100 nm thickness of the 
doped layer. Erbium in a crystalline Si lattice always produce sharp PL lines both at low 
temperature and room temperature [2]. The broad spectrallineshape from our PL data 
indicates that the film structure in our samples is typical of non-crystalline or 
polycrystalline material [9,13,14]. 
On investigation of the annealing conditions of the Si:Er samples (Fig. 6.2 and 
Fig. 6.3), we found that samples annealed at -450°C for -15 minutes produced the 
strongest PL emission. The presence of a maximum in the annealing curve may be 
explained as follows. After the deposition of Er, most of the Er atoms will remain in the 
metallic form and therefore will be optically inactive. Annealing at increasingly higher 
temperatures will cause more of this erbium to become "oxidized" into the optically 
active Er3+ state. The a~nealing process also reduces the density of dangling bonds and 
other recombination centers which otherwise compete with the Er population for 
excitation. Hence, up to 450°C, there is a monotonic increase in the photoluminescence 
yield. At higher annealing temperature, the Si layer may undergo a structural change, 
which leads to the precipitation and segregation of erbium within the silicon grains or at 
the grain boundaries (see Fig. 6.25). J. S. Custer et al. [10] has demonstrated the 
reduction in the thickness of the doped Er layers during solid phase epitaxy (SPE) due 
to segregation and trapping of Er at the moving a-Si/c-Si interface. Segregation occurs 
in spite of the low diffusivity of Er in bulk a-Si. The presence of oxygen increases the 
segregation coefficient (the trapping). The ejected erbium from the interface will diffuse 
until encountering an empty trap in the a-Si or being incorporated in the growing c-Si. 
For our samples, longer annealing shows no improvement in Er radiative emission 
possibly due to crystalline regrowth near the film interface reducing the thickness of 
film and hence the total number of active Er carriers (refer to Fig. 6.26). 
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The quenching of the luminescence intensity between 80 K to 300 K is only 
about a factor of 2.5 (Fig 6.5). Typically reported values [1,15] for Er in silicon are at 
least 6 and in some cases > 103. This low thermal quenching characteristics is very 
similar to Er-doped porous Si [16-18] and Er-doped amorphous Si [19-21] but is 
obviously different from the large quenching factors of Er-doped crystalline Si. The 
effect of this quenching may be due to the reduction in the excitation rate of Er3+ due to 
detrapping of electrical carriers trapped at the Er-related level in the Si. Another 
possibility is the back-transfer, the inverse of the excitation process of Er3+ coupling to 
defect levels in the Si band gap, e.g., to the Er-related defect. These non-radiative 
processes decrease the luminescence lifetime and decrease the PL intensity at increased 
temperature [14]. 
Various mechanisms of excitation of Er3+ in Si have been proposed in the past. 
One of more popular mechanism is the excitation via recombination of an exciton 
bound to an Er-related trap site in silicon [22]. In section 6.2, the Er PL cuts off at 1062 
nm (equivalent to -1.17 eV) (see Fig. 6.6 and Fig. 6.7). This wavelength corresponds to 
the Si bandgap of 1.17 e V at 80 K. The cutoff at the Si bandgap shows significantly that 
the optical excitation is from the Si band edge, rather than by direct optical absorption 
[23]. 
In section 6.3, the PL data from Fig. 6.8 and Fig. 6.9 shows that the radiative 
lifetime of Er3+ did not varies with temperature. In some reported results, two classes of 
lifetime, [13] were found, namely a fast and slow lifetime. Other reports [15,24-26] 
show varying lifetime with respect to temperature especially at high temperatures. The 
independence of radiative lifetime with temperature is consistent with the lack of 
quenching of the PL intensity with temperature as shown previously in Fig. 6.5. 
The structural properties of the Si:Er materials were initially investigated by 
surface analysis using AFM and SEM (Fig. 6.20 and Fig 6.21). Many round droplet 
features were observed randomly on the surface with size of up to 10 J..lm in diameter. 
This type of surface morphologies is typical for deposition using the laser ablation 
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technique [27]. From EDX analysis, the doping layer consists mainly of Si and 0 atoms 
with only traceable signals for Er atoms. 
From FTIR data (Fig. 6.22), an absorption band near 1020 cm- I was observed 
which might arise from two-phonon Si-Si symmetric stretching due the different Si 
clusters' size in the film [28]. Another possibility is the Si-O stretch mode known to 
peak within 1000-1100 cm-I range. However, the Si-H bonding known to absorb in the 
2100-2200 cm- I spectral region, was not detected FTIR. This is different from the well 
known erbium-doped hydrogenated amorphous silicon a-Si:H(Er) material [9]. 
Similar to EDX analysis, our RBS results (Fig. 6.24) show that a high 
concentration of -5 X 1022 Si/cm3 and -2 X 1022 O/cm3 are present in deposited film 
near the a-Si/c-Si interface. Also a built up of peak concentration of -2.5 X 1020 Er/cm3 
was detected near the interface. An estimated ratio of element concentration is 10: 10: 1 
for Si, 0 and Er respectively. However, from our analysis, the change in concentration 
of Er and thickness of film did not seem to affect the Er3+ PL intensity. Hence, the local 
bonding and orientation of Er in the deposited film could be a possible cause of PL 
emission. 
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7 Results and Discussion on Si Samples 
7.1 Introduction 
Bulk crystalline silicon is extremely inefficient at emitting light under either 
optical or electrical excitation. The material has a relatively small and indirect band gap 
of approximately 1.12 eV. The radiative recombination ·of excited electrons from the 
conduction band to the valence band is a three-body process involving a phonon in order 
to conserve momentum. This radiative process is inefficient with most carriers combining 
non-radiatively to form heat in the crystalline material. The low radiative efficiencies are 
typically of the order of 0.0001 %. Hence silicon has limited use as a radiative light-
emitting material. 
This chapter is based on a study of room-temperature PL and EL obtained from 
ion implanted bulk crystalline silicon. The samples (SIl-SI23) were prepared at the 
University of Surrey (UOS) and are shown in table 7.1. All samples implanted are made 
into device and are examined and compared before and after annealing. The sample 
preparation was briefly described in chapter 5 and will be covered here in more detail. 
The silicon materials are optically characterized by PL and EL spectroscopy for different 
implant and annealing conditions. At the end of this chapter, the structural properties of 
the materials characterized by TEM are presented. The luminescence phenomenon and 
optical ptoperties of our samples will also be discussed and commented on. 
7.2 Photoluminescence from Implanted Silicon 
'RT light emission from bulk silicon was realized by the implantation of group III 
or group V dopants on the suitable silicon substrate following by rapid thermal annealing 
at high temperature. As depicted in Fig. 7.1, n-type (100) silicon (2-4 Qcm) is doped 
with boron toa typical dose of _1015 cm-2 at 30 ke V. In this work, most samples were 
annealed at 950°C for 20 minutes to activate the B in the Si host lattice. It should be 
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noted that at this temperature, it is well known that end of range defects such as rod-like 
defects and dislocation loops are formed in the host lattice. 
Label Type of Implant Energy Dopant Anneal Condition 
Substrate 
SIl n-Si, 2-4 Oem 1.00E+15, 30 keY B 925 ce, 20 min 
SI2 n-Si, 2-4 Oem 1.00E+15, 30 keY B 950 ce, 20 min 
SI3 n-Si, 2-4 Oem 1.00E+15, 30 keY B 975 ce, 20 min 
SI4 n-Si, 2-4 Oem 1.00E+15, 30 keY B 1000 ce, 20 min 
SI5 n-Si, 2-4 Oem 1.00E+15, 30 keY B 1025 ce, 20 min 
SI6 n-Si, 2-4 Oem 1.00E+15, 30 keY B 1050 ce, 20 min 
SI7 n-Si, 2-4 Oem 1.00E+15, 30 keY B 1075 ce, 20 min 
SI8 n-Si, 2-4 Oem 1.00E+15, 30 keY B 1100 ce, 20 min 
SI9 n-Si, 2-4 Oem 1.00E+15, 30 keY B 950 ce, 5 sec 
SIlO n-Si, 2-4 Oem 1.00E+15, 30 keY B 950 ce, 2 min 
SIll n-Si, 2-4 Oem 1.00E+15, 30 keY B 950 ce, 5 min 
SIl2 n-Si, 2-4 Oem 1.00E+15, 30 keY B 950 ce, 60 min 
SI13 n-Si, 2-4 Oem 5.00E+13, 30 keY B 950 ce, 20 min 
SIl4 n-Si, 2-4 Oem 5.00E+14, 30 keY B 950 ce, 20 min 
SIl5 n-Si, 2-4 Oem 1.00E+15, 30 keY B 950 ce, 20 min 
SIl6 n-Si, 2-4 Oem 1.50E+15, 30 keY B 950 ce, 20 min 
SIl7 n-Si, 2-4 Oem 2.00E+15, 30 keY B 950 ce, 20 min 
SIl8 n-Si, 2-4 Oem 1.00E+15, 30 keY, B 950 ce, 20 min 
normal incidence 
SIl9 p-Si, 6-22 Oem 1.0IE+14, 150 keY P 950 ce, 20 min 
SI20 n-Si, 2-4 Oem 1.00E+15, 30 keY, B,P 950 ce, 20 min 
5.00E+13, 250 keY 
SI21 n-Si, 2-4 Oem 9.50E+14, 30 keY, B,P 950 ce, 20 min 
5.00E+13, 150 keY 
SI22 n-Si, 2-4 Oem 9.lOE+14, 30 keY, B, Si 950 ce, 20 min 
5.00E+15, 250 keY 
SI23 n-Si, 2-4 Oem 9.20E+14, 30 keY, B, Si 950 ce, 20 min 
3.00E+15, 150 keY 
Table 7.1 List of Si samples produced in this work for the study of Si bandedge emission. 
In the preliminary study, an-type (100) silicon (2-4 Oem) was doped with boron 
to a dose of 5 X 1014 em-2 at 30 keY, labeled as SIl4, followed by annealing at 950°C 
for 20 minutes in N2• PL measurements were performed over a temperature range from 
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80 K to 300 K at 300 mW excitation power as shown in Fig. 7.2. The inset shows the 
integrated PL plotted against measured temperature. 
B (p+) 
0000 000000000000 
~I~ _____ c_-_si_(_n_-t_y_p_e) _____ ~~1 
Fig 7.1 Structure of crystalline silicon doped with boron by ion implantation follows by high 
temperature thermal annealing. 
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Fig 7.2 Temperature dependence PL spectra of a Si sample SIl4. Inset shows the integrated PL 
plotted as a function of temperature (Laser source = 488 nm, laser excitation power = 300 mW, 
temperature range = 80 K - 300 K) . 
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The PL spectrum at 80 K peaks at 1129.5 nm corresponding to photon energy of 
1.098 eV which corresponds to the Si TO-phonon line. The replica is at 1.038 eV. Si no-
phonon (NP) line was not observed at 80 K. A weak TA-phonon line near 1.138 eV was 
also detected. These c-Si PL spectral lines are well known and were reported in detail by 
G. Davies [1]. The PL spectrum peak shifted and becomes broader as the temperature is 
raised. However, the integrated PL for SI14 is increased by a factor of -3 from 80 K to 
RT. The PL peak intensity remains constant for the range of temperature studied. 
The RT PL dependence on laser excitation power was studied for sample SII 
with implanted boron of dose of 1015 cm-2 at 30 ke V, annealed at 1000 DC for 20 
minutes, over a range of excitation power from 100 mW to 500 mW. The results 
presented in Fig 7.3 shows that PL intensity is slightly superlinear to excited power. This 
effect could be related to the heating of sample since PL temperature dependence in Fig 
7.2 shows the increase ofPL with temperature. 
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Fig 7.3 Integrated RT PL as a function of laser excitation power at 488 nm for Si sample SII 
with implanted B dose of 1.0 X 1015 cm-2 at 30 keY, annealed at 1000 DC for 20 minutes. 
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A series of samples namely SIl - SI4 and SI8 were prepared using n-type (100) 
Si wafer with 2-4 ncm substrate resistivity. All were implanted with B with dose of 1.0 
X 1015 cm·2 at 30 keY implant energy, followed by a subsequent 20 minutes annealing at 
various temperature range from 925°C to 1100 0c. The PL spectroscopy performed on 
these samples at RT showed a strong emission peak at -1150 nm (see Fig. 7.4). 
Strongest PL was observed for the sample annealed at 975°C. 
A few more samples were prepared at lower annealing temperature and tested. 
The tabulated results are presented in Fig. 7.5. Note that annealing temperature is critical 
to obtain the most efficient radiative emission. 
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Fig 7.4 RT PL of samples (SI I-SI4 and SI8) annealed at various temperature for 20 minutes, 
excited by laser power of 300 mW at 488 nm. 
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Fig 7.5 Integrated RT PL of samples as a function of its annealing temperature (implanted B dose 
= 1015 cm-2; anneal duration 20 minutes; laser excitation power = 300 mW.) 
Another important parameter to characterize is the optimum annealing time. 
Samples labeled as SI2, SI9, SIlO, Sill and SIl2 were prepared by B implantation (dose 
at 1 x 1015 cm-2 at 30 ke V) followed by annealing at 950°C for various time. The 
starting substrate for all samples was n-type (100) CZ silicon with 2-4 ncm resistivity. 
The PL studies were carried out at RT for all samples by laser excitation power of 300 
mW at 488 nm. The results (see Fig. 7.6) showed that short 5 second annealing results in 
the strongest PL peaked at 1150 ~m. PL intensity was weakening slightly for 2 minutes 
annealed sample and was dropped drastically between 2 minutes to 5 minutes annealing. 
Longer annealing shows further weakening of PL emission. Note that PL was not 
observed for the unannealed sample as shown in the inset. 
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Fig 7.6 The RT PL spectra of samples (SI2, SI9-SII2) annealed at 950°C for various annealing 
time (B dose of 1 x 1015 cm-2 at 30 keY). The inset shows the integrated PL as a function of 
sample annealing time. 
7.3 Electroluminescence from Implanted Silicon 
In order to measure the electro luminescence of n-type bulk (100) CZ-silicon, p-
type dopants (boron) were incorporated by ion implantation and annealed to form a 
dislocation-rich layer near the junction. Metallic contacts were made by evaporation of 
aluminium (Al) to the boron doped side while gold/antimony (Au/Sb) was evaporated on 
the n-type substrate (see Fig. 7.7). An ohmic contact area of -0.8 mm2 was formed after 
sintering at 360°C for 2 minutes. Electroluminescence measurements were performed by 
biasing the diodes with a square pulse at 190 Hz under forward bias. For all work 
presented here, the device was measured under forward bias, as no emission is detectable 
in reverse bias. 
The infrared emission from bulk silicon can be clearly demonstrated by observing 
the device with an IR camera. An image captured by the infrared camera is shown in Fig. 
7.8. The diode (SI4) is mounted on a sample holder, driven by 100 rnA forward current 
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in a dark room under RT condition. Note that emissions are observed from around the 
front round-shaped contact as well as from the edge of the sample. 
hv 
AI 
B (p+) 
0000 000000000000 
c-Si (n-type) 
Au/Sb I I Au/Sb 
Fig 7.7 Silicon LED structures with dislocation loops formed in the implanted region close to the 
junction. 
Fig 7.8 Picture taken from an infra-red CCO camera for Si sample mounted on a sample holder 
(a) with room lighting and (b) in the dark when driving device SI4 at forward bias of -100 mAo 
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In the preliminary experiments, samples SIl, SI2, SI3 and SI4 were prepared 
under post-implantation annealing temperatures of 925°C, 950 °C, 975°C and 1000 °C 
respectively. Electrical characterization was performed by IV measurements as shown in 
Fig. 7.9. The structure exhibits a conventional diode shape with good rectifying 
properties. The forward direction corresponds to a positive bias at the Al top electrode. 
For 1 V forward biasing voltage, the current obtained is -lOrnA. 
Most experiments were performed under a forward current of 25 rnA, unless 
otherwise stated. 
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Fig 7.9 Typical I-V characteristics of boron-doped CZ-silicon LEDs (SII, SI2, SI3 and SI4), 
annealed at temperature range from 925 DC to 1000 DC for 20 minutes with B dose of 1.0 x 1015 
cm-
2 
at 30 keY. The inset shows the magnified plot of forward biased I-V curve. 
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The ideality factor (Tl) of the samples was obtained by plotting natural log of 
current (I) versus voltage (V) as shown in Fig. 7.10. By averaging the slopes of the best 
fit lines for the data, ideality factor (Tl) can be obtained by using the relation: 
e 
In (I) = In (10) + (TlkT )V (7.1) 
where 10 is the reverse saturation current, e is the charge on an electron (1.6 X 10.19 J), k 
is Boltzmann's constant (1.38 X 10-23 J/K), and T is temperature (K). By obtaining the 
gradient (C;) of the slope, Tl can be solved by: 
e 
Tl = C;kT (7.2) 
Ideality factor (Tl) calculated for SIl, S12, SI3 and SI4 are 1.7, 2.6,4.3 and 3.0 
respectively. (Gradient calculated by taking a linear fit for data fall between 0.2 V and 
0.6 V). 
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Fig 7.10 Ideality curves of B-doped CZ-silicon LEDs (SII, S12, SI3 and SI4), annealed at 
temperature range from 925 °C to 1000 °C for 20 minutes with B dose of 1 x 1015 cm-2 at 30 keY. 
Figure 7.11 shows the typical forward I-V characteristics of SI4 diode that was 
implanted with B dose of 1.0 x 1015 cm-2 at 30 keY and annealed at 1000 °C for 20 
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minutes. Measurements were taken at 80 K, 180 K and 300 K and results were reversible 
and reproducible. As temperature of the sample decreased, the threshold voltage of the 
p-n junction increased. Hence it seemed more efficient to operate the device at RT than 
at 80 K. 
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Fig 7 .11 I-V characteristics of SI 14 diode (B dose of 1.0 x 1015 cm-2 at 30 ke V; annealed at 1000 
°C for 20 minutes) measured under various temperature. 
When EL measurements were taken at 80 K, 180 K and RT at the various 
forward biasing voltage, maximum efficiency could be obtained from the diode operating 
at RT as shown in Fig. 7.12. At 80 K, the diode did could not emit as efficiently with the 
total emission dropped by a factor of -2 for the same current. 
The same diode (SI4) was used to examine the temperature dependence of the 
EL in temperature range from 80 K to 300 K as shown in Fig. 7.13. The EL spectrum at 
80 K peaks at 1129.5 nm corresponding to photon energy of 1.098 eV which 
corresponds to the Si TO-phonon line. The replica is at 1.038 eV. Si no-phonon (NP) 
line was not observed at 80 K. A weak T A-phonon line near 1.138 e V was also detected. 
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These c-Si EL spectral lines position are similar to that obtained from PL spectroscopy 
(refer to Fig. 7.2). It was observed that as temperature is reduced, the width of emission 
spectrum became narrower. The main EL intensity peak position was shifted from 1154 
nm at 300 K to 1129.5 nm at 80 K. The EL peak intensity increased slightly from 300 K 
to 110 K but dropped at 80 K. However, it was still comparable and consistent to the PL 
spectra as seen in Fig. 7.2. From 80 K to RT, the EL intensity was enhanced by a factor 
of-3. 
In previous discussion (see Fig. 7.11 and Fig. 7.12), the IV characteristics 
changed with respect to diode operating temperature. We have therefore measured the 
EL for the device operating at different drive currents. Temperature dependent EL 
measurements for diode (SI4) under a constant 8 rnA, 30 rnA, 50 rnA and 62 rnA drive 
current are shown in Fig. 7.14. 
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Fig 7.12 Integrated EL plotted as a function of forward bias voltage for SI4 diode (B dose of 1.0 
x 1015 cm-2 at 30 keY; annealed at 1000 DC for 20 minutes) measured at 80 K, 180 K and 300 K. 
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For all forward biasing currents applied to the diode, maximum EL is obtainable 
at RT. The total EL intensity was enhanced by a factor of 4, 3.5, 2.9, 2.5 from 80 K to 
RT for drive current of 8 rnA, 32 rnA, 50 rnA and 62 rnA respectively. 
Figure 7.15 shows the EL spectra of boron-doped silicon LED (SI3) measured 
from the front and back of the sample that was annealed 975 DC for 20 minutes with B 
dose of 1.0 x 1015 cm-2 at 30 keY. The applied forward biasing current was 16 rnA. The 
EL intensity obtained from the back of the sample was weaker than the front emission by 
a factor of 8. This could be due to losses via absorption through the bulk silicon. 
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Fig 7.13 Temperature dependence EL spectra for SI4 LED biased at forward voltage of 50 rnA 
(B dose of 1.0 x 1015 cm-2 at 30 keY; annealed at 1000 DC for 20 minutes). 
In Fig. 7.16, the EL spectra of a diode (SI4) were examined closely by 
normalising the data for 5 rnA, 40 rnA and 100 rnA driving current. It was observed that 
the EL peak intensity was slightly parallel red-shifted by - 2 nm from peak position when 
applying 5 rnA to the peak position as when applying 100 rnA. 
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Fig 7.14 Integrated EL as a function of temperature for LED (B dose of 1.0 x 1015 cm-2 at 30 
ke V; annealed at 1000 DC for 20 minutes) driven at various forward biasing current. 
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Fig 7.15 EL spectra of boron-doped silicon LED (S13) measured from the front and back of the 
sample driving at a forward biasing current of 16 rnA (Diode was annealed 975 DC for 20 minutes 
with B dose of 1.0 x 1015 cm-2 at 30 keY). 
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Fig 7.16 RT EL spectra for driving current of 5 rnA, 40 rnA and 100 rnA. (Sample used was SI4 
annealed at 1000 °C for 20 minutes; B dose of 1.5 x 1015 cm·2 at 30 keV.) 
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Fig 7.17 The peak ener~y obtained from the EL spectra for temperature range from 80 K to RT 
compared to the theoretical c-Si band gap. The sample under test was SI4 that was implanted 
with B of dose 1.5 x 1015 cm-2 30 ke V and annealed at 1000 °C for 20 minutes. 
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The temperature dependence EL peak intensity was tabulated and plotted as 
energy gap as shown in Fig 7.17. The c-Si bandgap data was calculated based on 
theoretical formula. 
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Fig 7.18 Frequency resolved radiative lifetime measurement for a typical silicon diode (SI4) 
measured at R T. 
Frequency resolved luminescence lifetime spectroscopy was performed at RT and 
120 K to study the radiative emission lifetime temperature response of the device. Figure 
7.18 shows the EL frequency spectrum for the sample (SI4) at RT. The EL peak 
" intensity occurred at 9000 Hz corresponds to the a device lifetime of -18±2 J..ls. When 
measured at 120 K (see Fig. 7.19) the lifetime was reduced to -5.3±O.5 J..ls. Lifetime 
measurements could pot go lower than 120 K due to the speed limitation of the lock-in 
amplifier. The RT current dependence lifetime measurements were performed for 50 rnA, 
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100 rnA and 150 rnA forward driving current. Results did not show any changes in 
radiative lifetime and hence the data is not illustrated here. 
The impact of the B doping concentration in silicon was studied by measuring the 
total PL and EL emission from samples over the spectral range of 1000-1350 nm. 
Samples SI14, SI15, SI16, SI17 and SI18 were implanted with different dose in the 
range of 5 X 1014 - 2 X 1015 cm-2 of B at 30 ke V implant energy (see Fig. 7.19). Before 
metallic contacts were made, PL experiments were performed at RT using 488 nm-line 
laser with excitation power of 300 mW. For EL experiments, all samples were measured 
at RT under a forward bias current of 25 rnA. 
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Fig 7.19 Frequency resolved radiative lifetime measurement for a typical silicon diode (SI4) 
measured at 120 K. 
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It was observed that for PL results, unannealed SI14 did not produce any PL at 
RT. After annealing, it exhibits the best PL emission compared to higher dose SI17 
sample. There is an obvious trend that higher doses of B implant reduced the Si 
bandedge emission. Whereas, in contrast with the EL results, SI17 sample with B dose of 
2 X 1015 cm-2 has better EL than SI14 with lower B dose of 5 X 1014 cm-2 although the 
enhancement was not significant. One sample was implanted in an incident direction 
normal to the Si substrate with B of dose 1 X 1015 cm-2 and annealed under same 
conditions. The PL is weak probably due to low dislocation defect density in silicon after 
annealing. 
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The annealing conditions are important factors that determine the numbers and 
size of dislocation loops crucial to the Si bandedge photon emission. A series of p-n 
diodes (SIl-SIS) were fabricated by B implant at dose of 1.0 X 1015 cm-2 at 30 keY 
energy followed by annealing at various temperatures for 20 minutes. The samples were 
tested at RT with EL experiments when biased at a forward current of 25 rnA. The 
results in Fig. 7.21 show that a maximum ofEL emission occurred at around 960±1O °C 
anneal temperature. At this temperature, dislocation loops were numerous and large in 
size (-100 nm). At above 1000 °C, the number of dislocation loops reduced and hence a 
sharp drop of EL occurred at this temperature. Between 700°C to 900 °C, other forms 
of large area defects like stacking faults and rod-like defects were present at the EOR 
region. 
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Fig 7.21 Integrated EL of Si diodes (SIl-SIS) as a function of post-implant annealing 
temperature, the drive current was set to 25 rnA. 
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With the knowledge that the -950°C anneal gives the most intense Si bandedge 
emission, more samples were prepared to study the impact of annealing time on this 
emission. Same implant condition (B dose of 1.0 X 1015 cm-2 at 30 ke V energy) were 
performed on n-type (100) CZ-Si substrate. The implanted samples SI9, SIlO, SIll and 
SI12 were annealed at 950°C for 5 seconds, 2 minutes, 5 minutes and 60 minutes 
respectively. Similar EL experiments were carried out to measure the sample's emission 
centered at 1150 nm at RT. Results in Fig. 7.22 shows sample SI9 produced strongest 
EL intensity compared to sample SIl2 that has a total emission 4 times weaker. A drastic 
drop in EL intensity happens at 2 minutes' anneal and remains consistent at above 5 
minutes' anneal. Hence a rapid thermal annealing is required to produce maximum 
efficiency in this device. 
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Similar to annealing temperature, the annealing time causes the structural changes 
in implanted Si samples. It is expected that for short annealing, dislocation defects are 
large in number as well as size. Prolonged annealing will eventually remove most EOR 
defects. 
In all previous results presented, samples were made based on n-type Si 
substrate. However, similar results are obtainable for p-type Si substrate. As illustrated 
by Fig. 7.23, the starting material was p-type CZ-Si (100) substrate with resistivity of 6-
22 ncm. A dose of 1.01 X 1014 cm-2 As was implanted at 150 keY energy to form the n-
type layer. It was annealed at 950°C for 20 minutes to activate As dopants in Si as well 
as the formation of dislocation loops near the junction. The sample was labeled as S119. 
Contacts were made by evaporation with AI deposited on the back (p-type) and AulSb 
deposited on the front (n-type). Sample was sintered at 360°C for 2 minutes for ohmic 
contacts formation. 
hv 
Au/Sb 
As (n+) 
0000 000000000000 
c-Si (p-type) 
AI I I AI 
Fig 7.23 LED structure of c-Si:As sample (SI19) annealed at 950 DC for 20 minutes after 
implanted to a dose of l.01 x 1014 As/cm2 at energy of 150 keV.) 
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The diode SI19 was studied by EL measurements performed at RT over a 
spectral range of 1000-1350 nm. Intense EL was observed at a peak position of 1154 
nm. This again confIrmed the presence of dislocation-enhanced Si bandedge emission 
(EL results not shown here). 
To increase the density of carriers in the p-n junction, boron was implanted to a 
dose of 1 X 1015 cm-2 for a sample (SI20) and 9.5 X 1014 cm-2 for another sample (SI21) 
at 30 ke V followed by another higher energy implant dose of 5 X 1013 Plcm2 at 250 ke V 
and 150 keY respectively. The structure is depicted in Fig. 7.24. 
Two more diodes were prepared with boron implanted to a dose of 9.1 X 1014 
cm-
2 for a sample (SI22) and 9.2 X 1014 cm-2 for another sample (SI23) at 30 keY 
followed by another higher energy implant dose of 5 X 1015 Silcm2 at 250 ke V and 
implant dose of 3 X 1015 Silcm2 at 150 keY respectively. Implant was done at 80 K to 
pre-amorphize the implanted region. The rest of the processing was identical to the 
previous devices. 
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Fig 7.24 LED structure of c-Si:P:B diode. 
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Fig 7.25 RT EL spectra of c:Si:B:P samples (SI20 and SI21) and c-Si:B:a-Si samples (SI22 and 
SI23) driving at forward current of 25 rnA. 
All the four samples were measured by EL experiments at RT under a forward 
biasing current of25 rnA. The resulting spectra are shown in Fig. 7.25. Sample SI20 has 
strongest EL intensity. However, samples SI22 and SI23 show much lower EL intensity. 
This is probably due to the recrystallization of the amorphized top layer on annealing at 
950°C. The EOR defects could be located in the amorphous layer that was partially or 
completely annealed in the process. 
The diode SI20 was driven by a forward biased of 1.3 V (65 rnA) and the light 
emission at 1150 nm was measured in the dark with a power meter that read 185 nW. 
The efficiency calculated is at least 2.2 X 10-6 given the fact that the diode measured was 
not MESA etched and the detector of the power meter was - 5 mm from the diode 
surface. 
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7.4 Structural Properties of Si LED 
Oxygen is a major impurity present in Czochralski-grown Si, with important 
implications for the fabrication of integrated circuits. A typically high concentration (1018 
cm-3) of oxygen are incorporated in Czochralski-grown crystals [2], as a result of the 
dissolution of the Si02 crucible at the growth temperature. Usually, the oxygen exists 
primarily as an interstitial defect in silicon. It is also known that thermally induced 
interior defects or bulk defects in CZ silicon crystals are mainly caused by oxygen 
precipitation. Oxygen is supersaturated in CZ silicon at high temperature and heat 
treatment leads to precipitation in the form of SiOx (x <= 2). The precipitate growth can 
proceed either by relieving the excessive stresses by inducing plastic deformation of the 
silicon matrix, or by emitting one silicon self-interstitial for every two oxygen atoms 
incorporated into the precipitate in the surrounding silicon matrix [3,4]. 
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Fig 7.26 FTIR absorption spectra of c-Si:B diodes (SI9-SI12 and S115) with dose of 1 X 1015 
B/cm2 annealed at 950°C at various duration. One sample shown here has lower dose 5 X 1013 
B/cm2 and another was annealed at 1100 °C for 20 minutes. 
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FfIR experiment was carried out for B-doped Si samples (SI9-SIl2 and SIl5) 
that was annealed at 950 ° C for various annealing time. Figure 7.26 shows that all 
samples exhibits a peak at - 610 cm-1 corresponding to Si-O symmetric stretch mode. 
For sample SIl2 that was annealed for 60 minutes, stronger peak were observed at 
-1070 cm-1 which correspond to the asymmetric Si-O-Si vibration mode. This is similar 
to the transverse optical mode band at 1080 cm-1 for Si02 associated with a "bond-
stretching" vibration [5]. Note that the intensity peak at 1110 cm-1 for n-Si as-grown 
sample is associated with the longitudinal or antisymmetric Si-O stretch mode. 
Fig 7.27 Cross sectional TEM picture of c-Si:B (SIl, SI2, SI3 and SI4) samples showing 
dislocation loops at anneal temperature of (a) 925°C and (b) 950 °C (c) 975°C and (d) 1000 °C 
for 20 minutes. 
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Physical characterization by transmission electron microscopy (TEM) was carried 
out for samples SIl and SI2 annealed at 925°C and 950 °C for 20 minutes respectively. 
As seen from Fig. 7.27 (a) and (b), sizes of up to 200 nm of dislocation loops of vacancy 
type or interstitial type, are observable in the implanted B region surrounded by 
crystalline lattice. The size and density is random, stretching from a depth of 100 nm to 
300 nm below the surface. 
7.5 Discussion 
In this section, the optical properties of implanted silicon samples are discussed 
based on the results and fmdings presented in this chapter. The annealing and implant 
conditions investigated by PL and EL spectroscopy will be discussed here. The physical 
properties of the implanted samples studied by TEM, will be commented at the end of 
this section. 
Silicon is an indirect bandgap material and photon emission at room temperature 
was not reported in the literature. In section 7.2, implanted silicon was studied by PL 
spectroscopy after annealed at 950°C for 20 minutes. Sharp, room temperature EL 
centred at 1150 nm (-1.08 eV) was observed (see Fig. 7.2). The emission wavelength 
corresponds to the band to band transition energy of pure crystalline silicon. 
The changes in PL for the annealing condition of implanted silicon was studied 
(refer to Fig. 7.4, Fig. 7.5 and Fig. 7.6). Maximum PL intensity was found for sample 
annealed at 975°C (SI3). Investigation on the annealing time of silicon sample (SI9) 
showed that - 5 seconds annealing produced optimum PL emission. 
For a crystalline silicon, annealing at - 600°C should restore the crystallinity 
from the damage induced by ion implantation. An interesting point to note here is that 
between 700 °C to 1100 DC, end of range (EOR) defects such as dislocation loops are 
formed which, in principle, are not favorable and affect device performance integrated 
semiconductor manufacturing. However, the study of EOR defects on optical properties 
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of Si has not been extensively studied perhaps due to the belief of the non-existence of 
RT c-Si emission. The radiative emission for samples (Fig. 7.4) annealed between 900°C 
and 1000 °C are attributable to the influence of the EOR dislocation loops. The 
dislocation loops grow in size with elevating temperature but reduced in number with 
annealing time as reported by G. Z. Pan and K. N. Tu [6] in their Si-implanted Si sample. 
From the TEM image (Fig. 7.28), an array of large dislocation loops was observed at 
-100 nm below the silicon surface. These intrinsic extended defects create a strain field 
giving rise to a three dimensional modification of the bandgap which changes across the 
silicon depending on the loop size and distance between each loop. This modification 
creates spatial confinement of the mobile charge carriers which prevent the diffusion to 
point defects in silicon reducing nonradiative recombination thereby significantly 
increasing the radiative recombination processes. 
The section 7.4, we investigated the EL of implanted silicon devices (Fig. 7.7) by 
forming metal layers both on the top and the back of the samples. The IV measurement 
(Fig. 7.9) showed good diode characteristics with an ideality factor ranging from 2 to 5 
-
for all devices. The EL intensity was found to enhance significantly by a factor of 4 from 
80 K to 300 K when driving at 8 rnA forward biased current. This is consistent with the 
luminescence lifetime of the device (see Fig. 7.18 and Fig. 7.19) that increases by a 
factor of -3.5 from 120 K to 300 K. EL quenching with temperature was not observed 
for all fabricated devices. 
When we studied the PL and EL dependence on various implanted boron doses 
ranging from 5 X 1014 cm-2 to 2 X· 1015 cm-2 (see Fig 7.20), a slight improvement in EL 
intensity for higher dopant concentration was observed. In contrast, the PL intensity was 
suppressed by higher dopant concentration. The annealing temperature dependence EL is 
quite similar to PL results that showed maximum luminescence intensity at an annealing 
temperature of 950°C. Also, by comparing Fig. 7.15 and Fig. 7.22, we see similarities in 
PL and EL intensity as a function of sample's annealing time. An n-type dopant, Arsenic 
was implanted and made into a device (see Fig. 7.23) for PL and EL tests. Similarly a 
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strong, sharp emission peak at 1150 nm at room temperature was observed and proved 
that the luminescence was indeed related to extended defects formation in silicon. 
125 
Chapter 7 - Results and Discussion on Si Samples 
References 
[1] G. Davies, Phys. Rep. 176,84 (1989). 
[2] J. C. Mikkelson, Jr., Mater. Res. Soc. Symp. Proc. 59, 19 (1986). 
[3] S. M. Hu, J. Appl. Phys. 45, 1567 (1974). 
[4] T. Y. Tan and W. K. Tice, Philios. Mag., 34, 615 (1976). 
[5] A. Kucirova and K. Navratil, Appl. Spectrosc. 48, 113 (1994). 
[6] G. Z. Pan and K. N. Tu, J. Appl. Phys. 82, 601 (1997). 
126 
Chapter 8 - Conclusions and Suggestions for Future Work 
8 Conclusions and Suggestions for Future Work 
8.1 Conclusions 
In the fIrst part of this research, we have demonstrated that Er-doped Si thin fIlm 
produced by laser ablation technique exhibited sharp, clear PL, which produced optimum 
emission at an annealing temperature of around 450°C. The PL emission consists of two 
well defmed peaks at 1.535 Ilm (main peak) and 1.550 Ilm (sub peak). The broadness of 
the PL spectrum suggested that the Er is incorporated in an amorphous Si fIlm. RBS 
analysis of the deposited fIlm shows the presence of oxygen-rich silicon with a build up 
of Er203 concentration (-2 X 10 Er/cm3) near the c-Si interface. 
PLE experiments showed that the Er emission was obviously excited from the 
Er3+ via the silicon bandedge. The radiative lifetime measured is -100 Ils which is 
temperature independent consistent with the absence of strong temperature quenching of 
PL intensity which is normally present in Si:Er material. This is in contrast with the 
results obtained by Komuro et al. [1] although the processing conditions were almost 
identical in both studies. A remarkable temperature quenching factor of only -2.5 is 
obtained with our samples. To the author's knowledge, this quenching factor is the 
smallest fIgure ever published in the literature with the exception of erbium-doped 
hydrogenat~d amorphous silicon a-Si:H(Er) material [2]. 
The combination of strong room temperature luminescence, low temperature 
quenching and temperature independence luminescence lifetime of Si:Er produced by 
laser ablation, promise a realistic route to the development of the conventional devices, 
i.e. forward biased LEDs and a silicon injection laser. 
In the §econd part of this research program, conventional implantation and 
dislocation engineering were successfully used to fabricate a silicon light emitting diode. 
The LED demonstrated strong RT EL emission with an effIciency of greater than 2 X 
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10-6• This has never been reported in the literature for light emission from the bandedge 
of c-Si. The EL intensity, which centered at 1.15 f..lm, increased with elevated 
temperature. The device lifetime was -18 f..ls at RT which decreased to 5 f..ls at 120 K. 
Several implant and annealing conditions were investigated to improve the luminescence 
emission from the sample. The light emission intensity was found to be closely related to 
annealing conditions such as annealing temperature and time. 
Physical investigation on the sample structures revealed that EOR defects -
dislocation loops were introduced by ion implantation following a high temperature 
anneal. The width of the dislocation loops is -150 nm when annealing is performed at 
-950°C for 20 minutes. At this temperature, the EL emission intensity observed was the 
strongest. 
We believe that the strain field around each dislocation loop modifies the silicon 
bandgap giving rise to a spatial distribution of three dimensional potential wells across 
the entire array of disloc~tion loops. The mobile charge carriers are captured and 
confmed by the potential wells between dislocation loops thereby reducing their diffusion 
to point defects in silicon where non-radiative recombination would take place. Thus the 
probability of silicon bandedge radiative emission is enhanced greatly. 
6.2 Suggestions for future work 
1. The fabrication of an LED in ~i:Er prepared by laser ablation can be improved by 
proper engineering of the LED structure. Intense RT PL has been observed in the 
Si:Er ~amples during this research work suggesting a high possibility of constructing a 
device which is capable of producing light at RT. 
2. The target material used for making the Si:Er sample for this work consists of 1 % 
Er203 in 99% Si. Increasing the Er203 concentration on Si samples could be 
attempted by ablating the target material with a higher mixture of Er203 (1: 10 ratio of 
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Er203:Si is commercially available). This could elucidate the Er luminescence 
properties. Shuji Komuro et. al [1] has demonstrated that 10% Er203 target material 
produced much better luminescence in comparison to samples prepared by ablating 
1 % Er203 target material. With a higher concentration of Er203 in Si, structural 
analysis such as EDX, XRD and TEM could be carried out more accurately and 
easily. 
3. FTIR experiments could be performed at lower temperature of -10 K as Band P 
impurities are not detectable at RT [3]. 
4. The formation of dislocation loops by ion implantation and annealing processes could 
be attempted by using several other dopants or a combination of dopant and silicon. 
5. The success of making a Si-based LED by dislocation formation that emits strong RT 
luminescence suggests that by carefully fabricating a miniature device based on the 
same principle, a laser diode could be constructed. 
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